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Abstract 
This thesis describes an experim~ntal program that 
was designed to evaluate ceramie cutting tool materials, 
both commercially available materials and experimental 
grades. The experimental grades represent a series of 
two-phase Al203-Cr203 materials with various levels of 
ehromia content. 
After surveying the historieal development of ceramie 
cutting tool materials, the author describes a multivariate 
metal cutting experiment which was designed to character-
ize and compare the performances of ceramic tools. The 
test involves the use of disposable eeramie inserts for a 
straight turning operation on normalized ~J4o steel at 
various cutting eonditions. 
The experimental data are analyzed using the teeh-
niques of analysis of variance and multiple range testing. 
The analyses show that boundary conditions ean be estab-
lished for a particular application of eeramie tools, with 
cutting speed having little effect on the dependent vari-
ables within the range of the boundary conditions. The_ 
testing procedures facilitate the isolation of differences 
in performance among eommercially available grades of 
ceramic cutting tool mater·ials and provide a data base 
against which the performances of the experimental tools 
are compared. The author sh~ws that an experimental alu-
mina-chromia tool was synthesized that performed as well 
as some commercial tools with better erater wear resistance • 
• 
1 
,,-
.). 
~1 
F'inally, evidence 1s presented to show that abrasion is 
the major mechanism of wear occurring when cutting steel 
with ceramic tools, with pulled-out grains of the ceramic 
material acting as the abrasive agent. 
(,,...~.:..: 
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Introduction and Objectives 
This thesis work has been perr·ormed as part of the 
National Science Foundation Hard Materials Research effort 
which has provided support for seven research projects at 
various universities in the.United States. The parti-
cular study to ·which this work is connected concerns an 
investigation into the effect of solid-solution alloying 
on ceramic oxide cutting tool .materials, with emphasis 
' . 
placed on the solid solution series Al203-Cr203. 1* 
The work documented herein represents the evaluation 
phase of the ceramic tool material in~estigation, and has 
the following objectives: 
1) to characterize the cutting performances 
of eommere ially available grades o:f ceramic 
tool materials, 
11) to evaluate the performanees of experi-
mental grades of alum1na-ehrom1a tool 
materials, and 
111) to correlate performance variations among 
the materials to differenees in physical 
properties and material compositions. 
The results of this work have been and will be used as 
t·eedback to the material synthesis phase of the investi-
gation to help direct further efforts to produce a better 
cutting tool material. 
*Footnotes correspond to references listed at the end of 
this thesis • 
.. 
·-· 
Back5round Information 
Historica·1 Development of Ceramic Cutting Tools 
The use of ceramic (oxide) materials as cutting tools 
is a relatively rec•nt development in the 1·1eld of.metal 
cutting in this country. The introduction of oeramie 
materials lnto a f'ield that had been d·ominated by high 
speed steels was made possible by the changes in tooling 
which accompanied the development of eemented carbides as 
tool materials. Sintered oxides, even more so than cemen-
ted carbides, are hard and ·brittle in comparison to high 
speed steels, but can be much more effective in certain 
cutting situations if care is taken to provide proper tool 
geometry and a rigid cutting setup. 
The advantages over carbide and high speed steel 
whioh make ceramics attractive in certain applications 
area 1) increased productivity sinee higher cutting speeds 
ean be used, 11) longer tool life, and 111) improved 
quality in the form of better finishes and better size con-
trol. These advantages result from high hardness, large 
compressive strength, and chemical inertness, properties 
which ceramics retain at.temperatures higher than those at 
which carbides or high speed steels lose their good physical 
properties. Low toughness, as meas-ured by transverse rup-
ture strength (T. B. S.), is the glaring weakness of ceramic 
materials which severely limits the applicability of tools 
.:__ . 
made :rrom ceramics. 
4 
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The 1dea of using ceramic materials for metal cutting 
originated in Germany aroun¢ the turn of this century, and 
resulted 1n early patents in Great Britain in 1912 and in 
Germany in 
t1on until 
spurred by 
sten would 
191J. However, 
the approach of 
the poss1b>111ty 
be at a premium 
the idea received little atten-
World War II •. Then, probably 
that cutting tools made of tung-
during a war, investigations in-
to the use of more abundant materials like aluminum oxide 
. . 
were started in Germany and the U. s. S. R. By the end of 
World War II, the U. s. S. R., recognizing the potential 
for ceramic tools, had initiated intensive resea~ch efforts. 
In 195~, according to American ~aoh1nist magazine, ", , .the 
development of ceramic-tipped cutting tools in the Soviet 
Union (was) far ahead of developments in East Germany, 
Czechoslovakia, Poland, and Hungary, in all of which re-
seareh (was) underway." 2 
Progress was slower in the United States. -Although a 
patent was issued in 1942 on a ceramic material, it re-
ceived little consideration during the next decade, and it 
was not until 1954 that ceramic tools were able to command 
a competitive position in the cutting tool market. In 
that year, experimental work was done at the Rodman Labora-
tory of the Watertown Arsenal showing that., in given 
cutting situations, the ceramie tools of the time could 
machine steel"• •• at cutting speeds at least 100 percent 
greater than those used with earb1des.•3· 
5 -1 · 
•· 
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Interest 1n ceramic cutting tool materials seemed to 
reach a plateau in 1957 and has remalnect. at about the same 
level since then, The literature of that year abounds with 
art1c·1es concerning the merits and limitations of oxide 
t·ools·, and the American Society of Tool Engineers saw fit 
. to devote two days of 1 ts twenty-fifth· anniversary mee.t ing 
to a symposium on ceramie cutting tools. 4 The importance 
of using a negative land on the ceramie tool edge was 
stressed in at least two reports during the year5,6, and 
several companies published results of production tests 
using ceramic tools,7,~,9 Typically, produetion use of 
ceramie tools was limited to light ·cuts and 1·1n1shing 
operations on relative~y hard to maehine steels and for 
machining cast iron -·and non-ferrous materials. 
Since 1 957, experimental work with. oxide cutting tool 
materials has been oriented toward increasing the ability 
of· the tools to withstand high impact loading l transverse 
rupture strength is often used as a measure of this ability). 
Much basie research has also been pert·ormed to discern the 
.mechanisms of wear whloh aff~ect ceramic tools, so that 
de:renses against these mechanisms might be built into the 
tools. 
Researchers have had some degree ot· success in increa-
sing the transverse rupture strengths associated with 
eeramie tool materials, i The tools used 1n the experiments. 
at Watertown Arsenal in the early 1950's had T, R·. S, values 
6-1 
·1· .. 
10· of 40,000-50,000 p.s.1. , and were typical 01· oxide cutting 
tool materials of .the day. By 1964, oxide tools generally 
had T •. R. ~. values of ~u,ouu-110,000 p.s.1, and compres-
' 
sive strengths which were also higher than those of the 
earlier materials.11 The properties of the materials were 
improved by reducing poroslty.and grain size and Dy making 
grain sizes more unirorm. Most ceramic tools sold 1n the 
American market today have T. R. S. values between 80,000 
, 1 • 
and 110, uou p. s. 1. , average gra ~~n sizes 01· two to four 
micro-meters, and near-theoretical densities.1~ Differences 
in properties among tool materials result t~rom the use of 
different processing techniques le, g,, finer grain size 
can probaply be o·btained using hot pressing as opposed. to 
cold pressing and sinterlng) and from the use of certain 
addit·ives to alumina. such as T10 and Cr20.3. 
During the last decade, many investigators have postu--· 
lated the mechanisms of wear which act during the degrada-
tion of ceramic cutting tools. In 1963, A. G. King and 
w. M.· Wheildon reported the importance of a deformation 
process involving the smearing of thin films of material 
across the surface of the tooi.13 Theorizing that defor-
mation is not the only wear meehanism occurring when cut-
ting with eeramic tools, King and Wheildon have also pro-
posed that iron, alumina, and atmospherie oxygen interact to 
form the sp1ne1 FeO•Al203 on the cutting edge, and that 
fatigue degradation leads to fracture failures of eeram1e 
7 
'\ .. 
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I 
tools,1 4 E-, M. Trent cites a report that cracks form on 
' '.r 
I .. " 
the rake surface o:r alumina tools used to cut steel, but 
that the cracks do not critically a:rt·ect the performance 
of the tools,15 In 1969, Schmidt and Ham used electron 
microprobe analysis of the workpieee chip to show evidence 
of metal transfer from alumina tool to steel ch1p.16 Re-
ports have recently shown that wear ·ot' ceramic tools occurs 
by loosening of grains and grain pullout,17,1~,19 "There 
is obviously some controversy concerning which wear mech-
anism is most important when cutting steel with ceramics • 
• 
Preparation o!· Ceramic Tools at Lehigh University 
The program to synthesize and evaluate multi-component 
ceramic cutting tools at Lehigh University was initiated 
by Dr. D. P. H. Hasselman, or· tne Metallurgy and_ M~terials 
Science Department, and Prof, G. E. Kane, of the Industrial 
Engineering Department. Citing the improvement in 
mechanical behavior ot· materials brought about by the de-
velopment of multi-component materials and by the addition 
~,., of alloying oxides and carbides to other cutting tool 
materials, the investigators intended to study tool materials 
consisting of the two-phase solid solution series Al203-Cr203. 
' The alumina-chromia system was ehosen because" ••• 
much basic infaormation is availa-ble for this ·system; in ad-
dition alumina alloyed with ehrqmia has formed industrial 
applications in the i-·orm of wear resistant pump seals, 
8 
--:"""'.'"• 
thread guides a-n·d grinding-wheel rormulations for the 
finishing of tool steels."19 Other investigators have 
also mentioned the possibility of adding chromia to alu-
mina tools, but have been undecided as to the effect of 
such additions on tool performance.20,,21,;c2,~.3 
The synthesis ot· cutting tools was undertaken at Le..;. 
high, with raw materials (aluminum oxide powders containing 
various percentages of chromium·oxideJ supplied by W.R. 
Grace and Company o:r Clarksville, Maryland. Figure 1 (a) 
.;,··, 
is an electron micrograph of one of the powders used. 
Sintered compacts were prepared using a vacuum hot pressing 
technique to obtain eeramie materials with near-theoretical 
densities and fine grain sizes of one micron or smaller, 
qualities which are important for the satlsractory per-
formance of cutting tools. An electron fractograph of one 
of11 the hot-pressed .specimens is shown in Figure t(b). 
The hot-pressed blanks were then sent to Insaco,Ine., 
an industrial firm specializing in h1gh-pree1s1on finishing 
of ceramics, to be machined to the desired cont.~iguration 
and finish. The finished tools were t-1neh square inserts, 
J/16 inches thick with a J/b~ inch radius on the short 
edges (SNG-4JJ) and all edges were honed to a specific 
radius. (Two batches of tools were actually made, one with 
a hone size ot· ,007-,00~ inches and the second with hones 
o.f approximately ··.003 inehes in radius. · The latter batch 
was neeessitated. by the fact. that hone size was to be held 
9 
;I 
'i ." 
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I ., 
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constant during the tool evaluations which would include 
commercia~ly available tools with hones of .003• or less. 
Hone size, as other investigators have shown, was found to 
have an effect on eertain tool performance parameters.) 
The surface roughness ot· the inserts was less than one 
miero-1neh. Figure l(e) is a transmission electron micro-
graph of the surf ace of· one o:r the tools made 1n the pro-
gram. 
The experimental tools had var1o.us ehromia contents, 
s1nee one pu~pose of the program was to. fin.a. the optimal 
level of second phase alloying. Table 1 gives a listing 
of the tool eompos1tions and the .designations given to 
the various compositions during the evaluation of tool per-
formance. Magnesium oxlde (0.1%) was added to all com-
positions .to 1ngib1t grain growth during vacuum hot pressing • 
Table 1 
Properties of Experimental Tool Materials 
Material Composition 
Desig- (mole percent) Hardness 
nation Alz0·-1 Cr,OJ MgO (DPHJ Co.Lor 
.... 
AOCT 99.9 --. .... - 0.1 1956 white 
1~* 98.9 1,0 0.1 1990 pink 5'!i 94. 9 5.0 0.1 2142 purple 
10.% 89.9 10,0 0.1 2156 black 
20~ · '19. 9 20.0 u.1 ~151 black 
JO.% 69.9 JU,0 u.1 ~u59 black 
*(Particular note should be made of the t·act that in 
the.preparation of the 5% ehromia tools, processing dif-
ficulties of1 an unknown nature at this time resulted in 
poekets of high porosity 1n the material. This had an 
adverse et~fect on performance, as w1r1. be seen. ) 
11 
•·-
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Design of Experiment 
The experiment which. served as a performan·ee test 
was designed to simulate ty]lical production applications 
of ceramic cutting tool materials. A straight turning 
operation at· a t'inishing nature on steel was chosen to 
exemplify the cutting situation in which ceramic tools 
have been successful~y applied, ln order for the results 
to be meaningful for metal-cutting practition~rs, too~s 
were subjected to a range of eonditions that represent 
typical industrial applications. 
Since a characterization of cutting tool performance 
requires much time-consuming data eollection, a complete 
factorial experiment was designed to provide greater 
·I. 
eff ieiency than would a group or· one-1·aetor experiments. 
1'he amount of information that can -be gleaned. from a multi-
factor design in a relatively short time is attractive 
since, at various intervals during its generation, the 
information documented 1n this thesis has been used as 
feedback to the materials synthesis phase. of the investi-
gation. 
Dependent Variables 
The :f eed·back :runction of this work also served as the 
I 
basis for studying not one, but many dep·endent vari·ables 
simultaneously in order to describe cutting pert~ormanee. 
1 2: 
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The selection 01:· dependent· variables represents an attempt 
to evaluate per:formance based· on a composite. of various 
commonly accepted tool life criteria, rather than making 
judgme·nts on the basis of a. single criterion which may or 
may not be the most appropriate. 
Three types of dependent variables were studied, 1. e., 
cutting tool parameters, product parameters, and process 
,parameters, which are the three most common categories of 
criteria used to det·ine tool fe~1lure. Table G is a listing 
of the dependent variables and the instruments used to 
measure them. 
Tablet:! 
Dependent Variables and Instrumentation 
Variable 
Cutting Tool Parameters, 
1. tool 1·1an.k: wear ,. 
2. tool crater area 
Produet Parameters 
J, workpiece surface 
roughness 
Process Parametersa 
4. cutting force 
5. thrust t"orce 
Instrumentation 
toolmaker's microscope 
optloal comparator and 
planimeter 
Surf"1nd1eator 
tool-post dynamometer 
and two-channel 
amplifler~reeorder 
tool-post dynamometer 
and two-channel 
amplifier-recorder 
Figure 2 is a sketch of a used cutting tool corner 
:
11howing the t·larik wea1~ and crater regions. The cutting 
force and thrust force are the vertical and horizontal 
'f.,,r/ 1 (i·; -,c'. 
.· 
I 
(respectively) comprJnents of.I-- the t·orce on the t·oo_l during 
• i..,. 
the cutting process. 
Figure 2 
Areas of Tool Wear 
and 
Components of Foree on Tool 
Constants 
utting 
Force 
Flank Wear 
:. ,, 
i4': ' 
In order to achieve a compact design, the number ot· 
variable 1·actors in the experiment had to be limited. This 
meant that certain factors would be constant, despite 
playing a very influential role in the cutting process.- The 
eonstant factors and their levels are shown in Ta-b.Le J. 
· ..,,.-, 
- \ 
Table J 
Experimental Constants 
Constant Factor 
Workpiece material 
111001 geometry 
Depth of cut 
Level 
A1SI-4j40 steel, normalized 
to Re .35-Jb,5 
-5, -5, 5, 5, 15, 15, 3/b4 (SNG-~JJ inserts) 
.050 inches 
Depth of cut and tool geometry were kept constant due 
to their small ranges of va~riability in actual practice for 
finish turning operations. Because of the nature of finish-
ing operations (usually light cuts), depth does not vary 
greatly, while the brittle nature of ceramic tools usually 
necessitate~ the use of negative rake geometry for steel 
cutting. 
·workpiece material, unl11{e the fir.st two constant 
factors, actually has a wide spectrum of variability. 
Many different types of materials ean be machined with 
eeramie tools, ranging from non-metallics to high-strength 
alloy _steels. Within this range of applicability, work-
piece material has a large effect on the performance of the 
tool. Machining performance varies drastically from work 
material to work material, and, sometimes, from workpiece 
to workpiece of the same material, It would be d1t·1~1cult 
and very time-consuming to -eharacter1ze ceramic .tool per-
forma11ce on every type o:t· work material and, at the same 
time, to diseern information concerning the other important 
15 
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factors, so the dee is ion was made ·to' :keep the wor.k mate·rial 
as constant as possible. 
This line of reasoning led to the selection of 
' 
, AISI-4J40 steel, which has good through-hardening properties, 
thus minimizing the effect of surfa.ce-to-eore hardness 
variation. The steel was normalized to about Re 36 in 
order to provide a degree of machining di1·r iculty that 
would lend to the execution of a more discriminating test. 
(See Appendix A for more details concerning workpiece 
material). 
The choice of the constant levels 1·or tool geometry 
and depth of cut resulted fro~ the selection of. ~,ork 
material and conform to usual industrial practice. 
Independent Variables 
The variable factors were selected because, for given 
workpiece material and tool geometry, these factors have 
been shown to be the most influential on. the performance 
of ceramic cutting tools. 24,25,26 Also, a study of the 
1nteraetion effects among these factors was desirable 
f 
sinee there is some controversy concerning the existence 
ot· these interactions. The factorial design faci11 tat es 
investigation of interactions which might be overlooked 
when using a single-factor design, leading to erroneous 
generalizations about other levels of the constant factors. 
The independent variables and the levels of the same 
are listed in Table 4. 
16 
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Table 4 
Independent Variables 
Variable 
1, Tool material 
Levels 
C06, 0-30, VR-97, CCT-707, 
AOCT, 1.%, 5%, 1 OJb, 20%, JO.% 
2. Cutting speed 
J. Feed rate 
500, 750, 1000 ft/min 
,00.3, .uuo, .009, ·.u12 in/rev 
1, 3, 5, 7, 9 minutes of 
cutting. 
4, Time interval 
for measurement 
The primary focus of this investigation is upon the 
effects of tool material on the dependent variables, for 
the purposes of comparison of materials and identification 
of performance differenees. In all ten levels of tool 
material were studied, including four eommereial grades 
and six experimental grades. The commercial grades were 
chosen to represent a range of methods of preparation and 
material composition, as described in Table 5, 
Table 5 
Description of Commereial Tool Materials 
Material. 
Designation 
C06 
0-JO 
VR-97 
CCT-'70'/ 
Manufacturer 
Kennametal 
Corp. 
Carboloy Div. 
General Elec-
tric Co. 
V/R Wesson 
Co. 
Carborundum 
Co. 
17 
Composition 
99,9%_ Al203 
0,1% MgO 
90,% Al203 
10% T10 
99.9% Al203 
0 .1% MgO 
99,9% Al203 
0,1% MgO 
,, ... 1·.1 
Method of 
Preparation 
cold-pressed 
and sintered 
cold-pressed 
and sintered 
hot-pressed 
hot-pressed 
j· •• -;'\ 
The experimental·g~ades, as 'described previously, 
vary in percent chromia content, ranging from no chromia 
added to JO% chromia content. The choice of levels is 
arbitrary, although earlier investigations indicate& that 
optimum levels of second phase alloys lie in the range of 
0-% to 3o;g for ceramic tools. 27 As will be explained later, 
·only the AOCT, 1%, and 10% tools were used at all levels 
of the other factors. The other experimental grades were 
subjected to only two levels of feed and speed. 
Speed, feed, and measurement time intervals are varied 
to reveal interaction information and to attempt to define 
the boundary conditions ror ceramic to9l·s: in this parti-
cular application. Comparison of the boundary conditions 
for commercial tools with those for experimental tools is 
potentially one basis for identifying superior performance. 
The range of eutting speeas chosen agrees with recommended 
application data in the literature and includes speeds 
which would result in economic production. The feed rates 
were limited to the range shown ~ecause of the likelihood 
of stringent product requirements, particularly surface 
finish, for finish turning operations. The time intervals 
for making measurements were chosen to follow the charac-
teristic degradation o:f tool·, workpiece, and process para-
meters when machining with ceramic tools (usually, a severe 
and early initial wear period followed by a relatively 
slow degradation with time). Cutting was curtailed after 
18 
... 
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. n~ne minutes for the sake of compactness of design, rather 
than as an ar·b1trary def"1n1t1on of tool l.ife. In som.e 
J __ 
cases, fracture failures occurred before nine minutes, 
resulting in a premature ending of the cutting tests. 
Equipment and Instrumentation 
The processing and measuring equipment of tne Manu-
facturing Processes Laboratory at Lehigh University were 
used to per!·orm this experimental work. The equipment 
included a 
1, Engine lathe--A twenty horsepower:, 16"x.54" 
Lodge and Shipley engine lathe was used for 
the metal cutting operations. 
2. Hand-held tachometer--Speeds of eonstant 
surface feet were obtained by measuring 
the rotating speed of the bar with a Stewart 
Warner hand-held tachometer (range= 250.0 
to 2500D ft/min). 
J. Toolmaker's microscope--Flank wear measure-
ments were made with a Bausch and Lom-b 
tooimaker's microscope. The standard devi-
ation of measurements made with this 1nstru28 ment was previousiy determined to be ,001". 
The estimate of systematic error for measure-
ments made in this experiment was ,0006". 
4. Surfindieator--Surface roughness measure-
ments were taken with a Brush Surfindicator, 
using a cutoff width of .030 inches, Stan-
dard deviation of measurements made with this 
instrument were expected to be between ~.o 
and 16,0 miero-inehes.~9 The estimate of 
actual experimental err.or was 13,3 micro-
inches. 
Si, Optical comparator and planimeter--A Jones 
and Lamson optical· comparator was u.sed to 
ma.Ke tracings ot, the tool face crater wear 
.. · l 19 
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areas., and the areas were then measured with 
a planimeter. The error associated with these 
measurements was not previously known, but 
w~s estimated to be 0.15 square inches. 
6, Strain-gage dynamometer and two-channel strain 
amp11t· ier-recorder--The vertical a.nd horizon-
tal components of the force on the tool during 
cutting were measured with a two-component 
tool-post dynamometer made by Cook, Smith and 
Associates, and a Sanborn strain amplifier-
recorder. The standard deviations of force 
measurements made with this instrumentation 
were expected to be 10 pounds for the vertical 
component and 5 pounds t·or the horizontal 
component.JO The estimates of the actua~ 
experimental errors were 7,9 pounds and 15.2 
pounds for the vertical and horizontal com-
ponents respectively. 
(Estimates of actual experimental standard devia-
tions are taken from the four-way analysis of 
variance descri·bed elsewhere in this thes ls. The 
estimates are the square roots of the error mean 
square terms.) 
Experimental Proced~re 
The collection of metal cutting data was performed as 
follows: 
The metal cutting operation, ·as deseribed previously, 
was continuous turning of AISI-4340 normal1zed steel with 
what were considered to be typical finishing conditions. 
The uncut material was in the form. of round bar stock, 
approximately six inches in diameter and four feet in 
length. Bars were turned down to a diameter of 2.75 inches 
or until excessive chatter developed. Cutting fluid was 
not used because of the possibility that it would introduce 
thermal cycling which would lead to premature :failure· of 
20 
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the tool, Cuts were ra·nd·omized among tool materials to 
help minimize the effect of workpiece variation, 
Each cutting edge was used for a total of nine minutes 
or until fracture failure occurred, whichever came first. 
(Fracture failure means that the cornei of the tool has 
. completely bro.ken away.) At specific· intervals during the. 
turning operation, the 1:·eed was disengaged, the tool was 
.• 
backed out of the cut, and the insert was removed from 
the toolholder for the purpose of making measurements of 
the dependent variables. Measurements were made after one 
minute of cutting and at two minute intervals thereafter, 
resulting ln the collect1Qfi of five observations of each 
dependent variable for any tool that performed successfully 
f"or nine minutes. Eaeh combination ot· tool material, speed, 
and t·eect. was used twice to determine a11 :es.timate 01· 
experimental error, 
For each tool material, measurements of microhardness 
(DPH) and hone radius were made and averag.e values were 
generated. 
The experimentation was don·e :in two distinct phases. 
Initially, the four commercially available materials and 
three of the experimental grades (AOCT, 1%, and 10%) were 
tested in order to meet the objectives of characterization 
of eommereial tool materials and. dtermination of boundary 
conditions for this particular applieat1on of ceramic 
cutting tools (1 •. e., finish turning of AISI-4J40 steel). 
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'l1hen, the matrix of conditions was truncated to include those 
condlt1ons which resulted in ~ore successful performance of 
the tools, and three additiona~ experimental grades were 
tested (GO%, JU.%, 5%). The purposes of this seco·nd. phase 
were to compare the perf'ormance~ ot~ commercial and. experi-
mental grades and to ctetermine the optimal level of ehromia 
alloying, ~he results of both phases of testing were 
utilized to f3tudy the wear meeha.p._i~m~ of ceramic toc>"ls 
-and to identify physical properties of oxide tools· which 
are conducive to good cutting pert·ormanoe. 
·2··_·:2· .. 
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Results and Anaiisis 
As was mentioned ln the previous section, the experi-
mentation was actual.ly pert·ormed 1n two phases. '£he first 
phase was the i'characterlzation phase" and the second was 
the "comparison ~nd optlmization phase~ •. Tne results of 
both phases were then used to investigate property-perror-
mance correlations and wear mechanisms. 
Characterization Phase 
The ob·~ect1 ve of, this phase of testing was t·o establish 
boundary conditions for the application of ceramic tools 
to the finish turning o:r normalized 4j40 steel. Information 
was also generated to fa.cilitate the making of an initial 
comparison of tool materials. 
Listed in Table 6 are the too! lives of ceramic tools 
used to turn AISI-4340 steel (Re J6). The table includes 
data t·or two replications ot· eaeh of the possible combina-
tions of speed (three levels), feed (four levels), and 
tool material (seven levels). The tool life values repre-
sent the times to "failure", with "failure" of the tool 
defined as catastrophic breaKing of the insert (fracture 
failure). The tool might actually have railed before 
fracturing, in the sense that 1 t was no longer capable of 
producing an acceptab.Le product, but the data shown in 
Table b correspond to only the extreme ease of fracture 
failure. An asterisk denotes that the eutting edge was 
lJ 
•. 
still performing successfully at the end of nine minutes 
of cutting (had not ·rraetured). Also, the exact 11 ves ot· 
the tools are not shown, rather, the values given are the 
· starting times o!· t.n.e cutting intervals cturing which 
fraeture railure occurred. For example, if a tool failed 
(I 
at some time between three and f~ive minutes of cutting, 
for the purposes of this analysis, the tool's "life" would 
have been three minutes. 
Eaeh Material, 
Table 6 
Tool Lives 
for 
Speed, and Feed 
(two replicates) 
VH- CCT-
Combination. 
V f COb 0-JO _:i1. ·t07 AOCT 1L 1.Q! 
.003 * * * * * * * * * * * * * * 
• 006 * * * * * * * * * * * * * * 500 
.009 * * * * * * * * * * * * * * 
• 012 
* * 
0 0 
* * 1 1 * * * * '* * 
.003 * * * * * * * * * * * * * * 
'/50 • 006 * * * * * * * * * * * * ... * 
.009 * * * * 5 * ... 3 5 '1 5 7 5 '1 
,OlG J 5 * 0 * * 1 J J * 3 J 1 J 
.uu3 * * * * * * * * * J * * * * 
.uu6 ~1 * * * * * 7 5 J 1 J 5 J 1 1.000 
.009 * 1 * 0 5 '1 0 1 1 J 1 J 3 1 
• 012 1 J 1 0 1 5 0 0 1 1 J 1 1 0 
(-An asterisk denotes that the cutting edge was 
still performing sueeessfully at the end of nine 
minutes.) 
(All times given are in minutes.) 
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As ean be seen in Table o, there were five cutting 
eonditions at which no rracture failures occurred for any 
' 
of the seven tool materials. 
Speed 
(ft/min) 
5uu 
500 
500 
750 
'/50 
Those conditions area 
Feed Rate 
( in/rev J 
,OOJ 
.006 
.oo~ 
.003 
• 006 
At the other conditions, fractures oecurred t·requentiy, 
often at some time during the t·1rst minute of" cutting. 
Catastrophic failures such as these can rareiy be tolerated 
in an industrial situation, since they endanger the tool-
holder, machine tool, workpiece and operator. Therefore, 
cutting at any of the experimental conditions other than the 
five listed above r·or nine minutes or longer ivould be riskty, 
if not impossible. 
Maximum metal removal rate, with good assurance that 
fraeture would not oecur before nine minutes could be 
' 
obtained on a given workpiece diameter by using either 500 
ft/min and • 009 1n/rev or '/5U t't/min and • 006 in/rev. 
Choice of conditions would depend., ot· course, upon severa.l 
factors, including product requirements, power capability, 
and the economically optimal tool life, but these two con-
ditions would represent approximate upper limlts t·or ceram1e 
tools 1n this particular application (assuming that a tool 
life of less than mine minutes would be uneconomical). 
'-
' 
The data given in Table 6· can also be used for com-
paring the performances of the various tool materials. 
Table 7 shows the number o:r edges of each material which 
' performed without :rractur1ng for nine minutes and also 
the number of~ edges which 1·ractured during the f 1rst minute 
of euttlng. 
Table '/ 
Fraeture Failure Resistance 01· Materials 
# of Edges If of .Edges 
That Cut That Failed Material for 9 Min. During 1st Min. 
C06 18 0 
0-JU 18 5 
ecT-·10'/ 13 J VR-97 19 ·O 
AOCT 14 0 1% 11.f, 0 
10,% ll4-
.1. 
The VR-97, C06, and 0-30 tools had the fewest number 
of fractures, possibly because of the higher strength values 
(compressive and transverse rupture strengths) than the 
other tools. (e. g,, King and Whelldon31 give values of 
570 and 505 k.s.i. for tfis compressive strengths of VR-97 
~nd 0-JO, respectively, and a value of only 445 k.s.1. for 
CCT-707,) The 0-JO and CCT-7U7 tools showed a tendency 
to t·racture during the t .. 1rst minute of cutting, a. resu.1.t 
which is probably due to the comparatively small hone radii_ 
( less than • 001") found on these tools. 'rhe purpose of a 
larger hone is to protect .the cutting edge from the shock 
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of high impact loading. The experimental grades exhibited 
a larger tendency to t·ail oy t·racture, although the t~rae-
tures may have been more the result ot· fatigue than poor 
lmpact strength, since there were relatively few failures ··· 
during the 1'1rst minute of cutting. 
This comparison does not consider the quality of the 
perrormances ot· the materials, rather, it serves as a crude 
indicator of the comparative aDllities of the materials 
to withstand heavy impact loading and to resist fracture 
failure. A more qualitative comparison of performance can 
be aceompiished by using an analysis of the dependent 
variables measured as described previously. 
Comparison and Optimization Phase 
The second phase of testlng, like the f~irst, involved 
the finish turning of AI~I-i.trJLJ.O normalized steel {R0 J6). 
To achieve a valid comparison of the performances of· 
., 
the tool materials, it was felt that the comparison should 
be limited to those cutting eonditions which are the most 
conducive to safe and economical use of oxlde cutting tools. 
The results of the eompar1son would then be useful for 
metal-cutting practitioners, who would probably want to 
apply the tools in a safe and economical ma.nner. 
The matrix of' cutting conditions to be used for com-
parison was theret·ore limited to include on.Ly conditions 
at which t·racture f1 ailure would not be likely to occur. To 
27 
achieve a complete factorial design in which every com-
bination of each level of each factor is used as a treatment, 
speed and feed rate were limited to two ievels apiece 
(speed= 500, 750 f~t/min, 1·eed rate= .uu3, .ooo in/rev). 
Three levels of tool material (20%L: JU.%, and 5%) were 
.added to the original se~en d~ring this second phase of 
experimentation, resulting ·1n a complete 10(mater1alsJ x 2 
(speeds) x ~(feeds) x 5(t1me intervals) x 2(replications) 
factorial experiment. In all, ~00 observations were made 
on each of the dependent variables (flank wear, crater 
area, workpiece surface roughness, cutting foree, and thrust 
force), The raw data for tnls complete factorial experiment 
are given in Appendix B. 
1) Analysls of Variance 
One method of analyzing the results of a multivariate 
experiment is the statistical analysis of variance tech-
nique {see Appendix C) which can be used to determine the 
important sources of variation of'· the data. One of the 
steps involved in this type of analysis ls to calculate the 
mean values for each of the levels of each of the factors. 
Table~ shows the mean values by factor and level of 
the data given in Appendix B. Each value in the table 1s 
the average of all data taken with the factor constant at 
the particular level associated with the mean. For example, 
the f'lank wear mean :ror C06 is the average of 40 observa-
tions, 1, e., two speeds x two feeds x five times x two 
2ti 
• 
... 
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replications. In the table, the tool material means have 
\ 
been ranked from 1 for the smallest to 10 :for the largest. 
J:t'actors 
and 
Levels 
Tool Mat 'l 
C06 
0-JO 
VR-97 
CCT-·/07 
AOCT 
1% 
10, 
20% 
JO% 5% 
Speed 
500 ft/min 
750 ft/min 
Feed Rate 
.003 "/rev 
• 006 "/rev 
Time I'val 
1 minute 
J minutes 
5 minutes 
7 minutes 
9 minutes 
Grand Mean 
Table 8 
T~ble of Mean Values 
fi1lank 
Wear·. 
1n.x1u-J 
rank 
6.46 10 
5. Ult 
5,56 
Lf,. '/ 8 
Lf.,87 
~.e2 
4. bt> 
5.41 
5,55 
5.78 
4,79 
5.83 
5.33 
5,30 
2.95 
4,41 
5,54 
6.37 
7.30 
5,J1 
5 
ti 
1 
J 
~ 
~ 
6 
7 
9 
Crater 
Area 
in.XZ!zOU 
rank 
1.08 6· 
1.1i 7 
1.1~ 9 
1.~~ 10 
0,9)1 
U,9U 
o.88 
o. 91 
o. 92 
1 .1.3 
1.03 
1.05 
0.78 
1.30 
o.8J 
0.93 
1.0.5 
1.15 
1.24 
1.04 
5 
l 
1 
3 
4 
8 
Variables 
t>urface 
R'ghness 
in.xio-0 
rank 
4J.1 7':' 
34.1 2 
L4,9. 9 10 
'L9.7 
41.8 
45.4 
42.6 
40.1 
42.0 
49.0 
43.2 
40.4 
39,0 
44.7 
36,7 
J?.8 
43.1 
45.7 
45,9 
41.8 
1 
4 
~ 
6 
J 
5 
9 
Cutting Tnruast 
Foree Force 
Eounds 1:ounds 
rank rank 
116.u 1 82.6 
116.4 2 64,7 
118.b 3 80.1 
119. U ~ t.,7,5 
128.J 6 94.J 
127.8 5 91.3 
129. 0 8 103.0 
lJ0.4 10 109.0 
128.8 7 1 OJ, 6 
129. J 
126.8 
121.9 
95.7 
153.0 
115.2 
121.6 
9 
125.J. 
128.7 
130,9 
124.J 
99. 5 
89.6 
89,5 
80.1 
99.0 
\ 'l' 
r , 
79,5 
85.9 
90.6 
94.1 
97.7 
89.6 
4 
1 
3 
2 
b 
5 
8 
10 
9 
7 
After calculating the means, they are used in the analy-
sis of the variance which ean be attributed to each source. 
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Possible sources of V?riation include the factors themselves, 
interactions (two, three, and four-way) among the factors, ,. 
and experimental err6r (between-replicate variation). Ap-
pendix D contains the analysis of variance tables for each 
of the dependent va.riables, showing estimates of error 
~nd f-ratios, and Appendix Eis a table of values of· the 
f-distribution for signifieanee at various confidence 
intervals. The analysis of variance performed in this work 
was done using the LEAPS (Lehigh Amalgamated Package for 
Statistics) statistical package which is on permanent file 
in the~Lehigh University Computer Center library. 
11) Single-Factor Effects 
The single-factor effects are summarized in Table 9, 
showing that some of the dependent variables were not 
significantly affected at the 99% confidence level by 
certain factors. 
Table 9 
Effects of Factors on Dependent Variables 
(significant unless marked X) 
Factor 
Tool Mat'l 
Speed 
Feed .Rate 
Cut'ng Time 
Flank 
Wear 
X 
~ 
Crater Surface Cutting Thrust 
Area R'ness Foree Foree 
X X 
',., .. 
· Note f 1rst .1that tool material had a s1gn1f leant effeet 
JO 
on all vafiables, ,a fact which will be conside~ed later. 
As can be seen in both the table of mean values and 
the analysis of variance, cutting time had a significant 
effect on all variables, with the mean values increasing 
with. increasing times of cutting. This result was to be 
expeeted since the cutting edge deteriorates with time due 
to wear (flank and crater) and this deterioration affects the 
surface finish imparted to the workpiece and the amount of 
' . pow~r needed to feed the tool through the metal, 
Feed rate had a significant effect on all the variables 
except flank wear. This indicates that flank wear is not as 
informative as the other variables·when measuring ceramic 
tool performance at various feed rates. This means that 
investigators would be mistaken if they included feed rate 
in the traditional Taylor tool life analysis using flank 
wear as the failure c~iterion. They might, however, using 
a more appropriate failure criterion, since feed rate 
obvmously has a significant effect on the overall performance 
of a ceramic cutting tool. 
Aside from flank wear, feed rate plays a more important. 
role ~han speed in determining the values of the dependent 
variables. Three variables, erater area, surface roughness, 
and thrust force, were not significantly affected by speed 
at the 99% confidence level, Also, the f-ratio for speed 
for cutting force is much smaller than that for feed rate, 
indicating a less s1gn1f1eant effect. 
,l.,;,1 
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This relationship between the effects of feed and speed 
indicates that in this applicationt feed rate has a more 
important effeet than speed on the degradation mechanisms. 
which are critical as far as the product and process are 
eoncerned. The insignificant effeet of speed seen here is 
in agreement with the work of Dawihl, Dorre, and Dworak who 
,• 
found in 1971 that wtien machining cast iron1and steel, 
"The wear of ceramic cutting tips is virtually independent 
of cutting speed within the major range of application, 1. e., 
at cutting speeds between 100 and JOO meters/min."32 Other 
researchers have found speed to have a significant effect 
on wear, but they were investigating only flank wear. Since 
speed has a significant effect on flank wear, but has a 
relatively unimportant effect on product and process para-
meters, perhaps variation in flank wear is not as critical 
to the actual performance of the tool as are other types 
of wear (cratering, cracking, etc.). 
111) Comparison of Means 
The fact that tool material had a significant effect 
upon all the variables indicates that comparisons ot· tool 
material means should be informative. Using the estimates 
.-
of experimental error generated by the analysis of variance, 
Dunean multiple range tests were performed for each of the 
variables to determine whether the differences among the 
individual tool material means are real or whether the 
32 
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differences can be attributed to chance variation caused 
by experimental error. (The multiple range test technique 
is described in Appendix F.) The results of the multiple 
range tests for each of the dependent variables will be 
discussed separately (all tests were made at the 95.% 
confidence level)• 
a) Flank Wear 
Referring to Table 7, it was noted that the tool material 'I 
means were ranked from smallest to largest. This was done 
to facilitate the us& of the multiple range test. Figure 3 
Figure 3 
Multiple Range Test 
for Flank Wear (1n.x 
10-J) 
20%--,t 
.3 0% ----,ll----:5 • 5 
VR-97 ~L-
5%~L 
t--u.O 
. 
L '1 
shows the results of the Duncan mul-
tiple range test on the tool material 
means for flank wear, The means have 
been placed on a numerical scale to 
·make the relative differences easier 
to visualize. Groups of means (two 
or more) that are enclosed by brackets 
represent statistical groupings of 
means that could have resulted f'rom 
the same distribution or population. 
In other words, the differences 
among means which are enclosed by a 
bracket eould have been caused by 
chance variation due to experimental 1 
error. 
As the multiple range test shows, 
. • 
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there are four groupings of tool material means. In effect, ··---
four different populations are represented among the ten 
tool material means. First, CCT-707, 0-JO, and three of the 
experimental grades (AOCT, 1%, and 10,%) have means which 
are not statistically different from each other and ·are 
smaller than the means for the other materials. Second, 
C06 has a higher flank wear mean than any of the other 
materials. Third, the 20%, JO%, and VR-97 means could pos-
sibly have come :rrom the same population. And, t·inally, 
the 5% tools, although different from the 20% tools, had 
a mean that could havev :from the same population as the 
JO% and VR-97 averages. 
From a flank wear standpoint, then, C06 was the. l~as.t 
effective performer among the ten tool materials, and a 
group of five (CCT-707, 1.%, AOCT, 10%, and 0-JO) were the 
best performers with mean values that are not statistically 
different. The performances of the e.-xperimental tools 
fell within the range of comi-nerc1al tool pert·ormanees, but 
did not improve upon that range, 
tl) Crater Area 
Figure 4 shows the results of multiple range testing 
on the tool material means for crater area. In this case, 
five populations are represented with experimental tools 
making up the first two groupings which represent the 
smallest mean values, and commercial tools (with one exeep-· 
tion, that being the 5% to·o1J· forming the groupings of larger 
.. · ., 
., 
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Figure 4 
Multiple Range Test 
for Crater Area ( in, 
X 2500) 
means. CCT-707 .-is statistica~ly lar-
ger than any of the other means. 
The i~portant result of this 
t·est is that the experimental tools 
pert·ormed better_,_ with one exception, 
:t.han tne commerci.-al grades s .. s far 
a~ crater wear r~sistance is con-
cerned.. .Al·s_c)., among· t .. ne e·xp·eri-
mental tools with s·mf.tll, _m.e·ans, the 
chromia-added too·1s .had srna.Iler 
craters on the aver.age thatl t_h·e 
straight alumina gra:de, w1·th: ·the 
differences being stat.ls·tically s ig-
nifieant for each material except 
CCT-70?------!,...._,1, 2 8 for the JO% chromia-added tool, which 
could have com~ from the same popula-
·tion as the al:u_rttina grade -(AOCT). This indicates that the 
ef':fect of chl:--o·m.·1$. alloying ls to reduce crater wear. If it 
is true that, as Jii:br·e.ch_t sa_id in 1957, "Surface crat~ring 
(on ceramic tools ·u:sJ~.d for singl_e_ p.o:i.nt turning). • • is 
J • 
-~~used by mechanical abrasion only .•• ,"33 then perhaps ! 
·t:he addition of c::hromia to ceram-i-c tools improves the 
a·br.as.ion resistance of the to.ols, 
The large crater wear observed for CCT-707 could have 
.. 
be··_e_n ·th.e cause of the numerous· fracture's that were observed 
1n t.he· charac.terlza.t1on phase of the ex.periment (see· Table 6), 
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'.l'he re.1atiV¢.ly low strehgb:.h Values o:r GCT-·1u7 probably led 
to high ·crater wear· -ra.tes: t·hat caused a weaM:ening of the 
cutt-·1ng edge and the resulting fract~_re failures. 
·e_). Surface Roughness , 
The results of the multi_ple range t.est. on surface 
roughness (Figure 5) show that CCT-707 and 0-30 produce 
workpiece finishes that are, on the average, better than 
Figure 5 t.hos,e p,roduc·e· . cl by the other mate rials. 
I1ult1ple Range Test A.lstJ;: .·t.h:e :~e~n$ 01· 0-30 and CCT-707 
for Surfa~e Roughness are not statistically diff .. erent from (in.. X 1 U b) .·.··. . . .. . . . . 
-
CCT-'107___;.__JO. 0 
each oth.e'r. ·rhe other tool material 
means formed three o~erlapp1ng groups 
ranging from about 40 t~- 50 micro-
inches, An im:po:·rt,a-nt observation con-
is that non~- of the: tool mat~tials 
produced mean values t.-ha.t ·were "1 bad 11 , 
that is, all'of the mean values were 
below 50 micro-inches, a flnish which 
would probably be acceptable in a 
production situation. Of course, since 
the mean values represen-t ~- range of 
observations , and s inc-~ -t-he means of 
0-JO and CCT-707 are much lower than 
the other material means, the use 01· 0-JO and CCT-707 tools 
would be less: -1·1.I{ely to result in the product ion of 1nd1 vidual 
J6: 
~-------------------------------·-
', 
I 
worKpie:c.e,s witn unacc:e·p,t.a:bl:e .:f.i!l:,1-:$.h:e:s. Th1:s ·:ts: a!) important 
consideration for th-~ p.·ro=.c·e .. ss _planner :to ·make. 
Also of note t~ tne ract that althbugh CCT-707 and 
. O~jO had relat·ively large crater area means, they produced 
relat1v=f3·l.Y small -su·rface roughness means. This ind_lca t·es 
tha:t t·t,t t-hese mat .. e:r'·i-a1s, .. crat:er wear did not affect. th·e: 
f.i·n.ish imparted to. t·he· 'wor'kJriece at thes:e c.onq_.1t.i..ons.·, -and. 
·suggests that some o.t·her fac-tor related :to: .t·oo=l )ll~terlal 
was a more 1mport~nt det.erminant of workpiec·e finish tn:aJ1 the 
edge c onf igurat l,.on re-sul ting_ from era t er wear • 
d} Cutting Force 
Figure 6 
Multiple Range Test 
for Cutting Force 
(pounds) 
-115 .. 0: 
...,__120.0 
-130.0 
.. 
Two distinct g.rottpJ.:ngs: of t:o·ol 
Figure 6, The commercial tool means 
form one group, and are statistically 
lower than the means ·for the experi-
mental tools, whiQh can also be 
grouped. This distinct difat·erence . 
could have resulted r·rom many causes, 
and 1.s investigated in more detail 
in the section concerning property-
performanee correlations. 
Two hypotheses will be investi-
gated concerning this difference in 
cutting forces, 1) the difference is 
due tm ·1~unintentional.1y ctit"ferent hone-
j'/ 
radii, and 11) the diff ere-ric-e ·1s due to. t·:o··ol material 
hardness variation. 
e) Thrust Force 
! Here again, the commercial tool means are statistically 
lower than any of the experimental tools (see Figure 7). In 
r'igure 7 
Multiple Range Test 
for Thrust Force 
(pounds) 
~~o.u 
0-JO~ 
CCT-707---tt. 
VR-97----M--{ 0. 0 
C06,~ 
5 oo.o 
38 
20% 
10,0 
addition, there are differences 
among the commercial tools 1,\Ti th 
CCT-707 and 0-JO again having similar 
means which are lower than the other 
tool material values. VR-9/ and C06 
:rorm a second grouping, higher than 
CCT-707 and 0-JO, but lower than the 
experimental tools. And, finally, 
the experimental tool means form 
four overlapping groups ranging be-
tween 90 and 110 pounds. 
Among the experimental tools, 
the grades with higher chromia 
contents (10%, 20%, JO%) had higher 
thrust force 1 ineans than the AOCT 
and 1% grades, 1nd1catlng that the 
et·r· ect of chrom1a alloying might 
be to increase the power requirements 
\ 
of the tools. However, with the 
eonditions used in this thesis work, 
the power requirements never exceeded 50% of the machine tool 
.. . 
capability (20 horsepower), so that an incre:a:S·e: of the 
magnitude seen here is not critical • 
Again, the cause of tJ1e differences among tool materials 
was not known and t·urther investigation ·was. conducted to 
' 
correlate performance with properties, 
iv) Interaction Effects 
The multiple range tests treated just the single 
factor means for tool material, however, th~ analysis of 
variance also provides information concerning two-way 
and higher order interactions among the factors. Spe~ial 
attention should be paid to the two-way interactions con-
cerning tool material. These interaction terms indicate 
whether the value of a dependent variable t·or a given level 
of tool material will also depend on the level of another 
specific factor. For example, one tool material might 
perform better than another at a low level of feed, out 
worse than the other at a higher level of feed. Since the 
overall objective of this ceramic tool research effort is 
to extend the limits cI>!i the range ot· application of ceramic 
tools, it behooves the researchers to Know which tools 
perform better, if any, at the present limits. 
A summary of the f-rati·os for the two-way interactions 
involving tool material is shown in Table 10. The values 
are taken from the analysis of variance tables in Appendix D. 
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Inter-
action 
Tool Mat'l 
X 
Speed 
Too1- Mat'l 
_X 
F1eed Rate 
Tool I1at '1 
X 
Time 
Table 10 ,.-
F-Ratios for Two-Way Interactions 
lnvolvlng Tool Material 
Degrees 
of Flank 
Freedom Wear 
9 5.21 
9 '?. 49 
36 2. 95 
Crater S'face Cut'ng Thrust 
Area R'ness Force Force 
J.97 1.68* 5.61 ~ • r?~ 
11.49 2,29* 4,83 j.14 
0.67* 0,70* 0.23* O.J6* 
*--Not significant at 99% confidence level. 
Notice that none of the interactions had a signi-f leant 
e1·1·ect on surface roughness and on.Ly flank wear was af-
fected by the tool material x time interaction. However, 
, 
the remaining interactions were significant and should be 
of~ interest. 
Figure~ shows the results of multiple range tests 
performed on the tool material means at the high level or 
speed for each of the dependent variables. Only those 
variables :ror which the tool materia .. l x speed interaction 
was significant have been tested.- The flank wear test 
shows that at high speed, JO% and 5% have mean: val~~s that 
are;not unlike that of C06, which was shown before to have 
a higher flank wear mean than any of the other materials. 
These three materials show poorer flank wear resistance at 
40 
.. 
Figure 8 
Multiple Range Tests 
on Tool Material Means at V = :75.:·0· 
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Multiple Range Tests 
on T,o:·01 .Mate.rial' Means at f = .• 006· in/rev 
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the high speed than t-he other materials. 
Using crater area as a measure, Figure 18 1 shows that 
·t'he performahce of C06 relative to the other materials was 
better at high speed than at the low, while that of 0-30 
was worse at the high speed than the low. 0-JO and CdT-707 
had the highest ~eans at the high speed. 
For cutting force at the high speed, C06 had a lower 
mean than any of the other materials, again indicating 
better per:t·ormance at the high speed, 
Figure 9 shows the results of multiple range t_e.·st.·s 
performed on the tool material means with feed held con-
stant at the high level. Note that at the high feed rate, 
the differences that were seen between experimental and 
e:omm·ercial tools before is no longer so obvious in the cas:e· 
of cutting force, Also, the thrust t·orce performance ot' the 
1~ tools is statistically better (lower mean) than. the other 
.J. I'. 
experimental grades and is as good as two of th-e· c:Qmmercial 
grades. 
Figure 10 s!tOWS: the results of a multiple range test 
perf'ormed on the tool material means with time held con-
stant at nine minutes. CCT-'/07 here has the lowest mean of" 
all, wh·ile the JU% and 5% means are both higher than the 
006 mean (which 1s highest when all times are considered), 
This separation ot· averages is more meaning:f"ul than the one 
containing all leve~s of time, since the durability of 
the tools is reflected here. CCT-707 shows the best re-
},c,,fLI,, • 
•' ... ,'"' 
sistance to fla11k wear after a long cutting time, whicle 
LJ,4 
., 
I 
two experimental grad. .. es, 5% and JO.%, exhibit fas·ter wear 
rates over time than the other materials. 
v) Summary of Tool Material Performances 
Table 11 is a summary of the comparisons of· tool 
material mean values for th·e various dependent variables. 
Also, the "resistance to fracture failure" comparison 
made earlier has been summarized. These comparisons repre-
sent a composite view of the performance of the various 
materials. For each performance criterion, the tool 
materials have been rated either "good", dfair", or "poor", 
with the ratings corresponding roughly to the groupings 
made using the Duncan tests, 
The table should be react cautiously, remembering that 
the ratings are completely relative, based on the perfor-
mances of only the ten tool materials tested herein. The 
ratings should not be taken as absolute measures of tool 
material performance, since, for example, a "poor" average 
surface finish here might be an excellent finish in com-
parison to that provided by a carbide tool material 
... 
used under different cutting conditions. 
Table 11 shows that 0-30 and CCT-707-were the best 
overall performers, rating «good" in four of the six 
categories, with 0-JO showing better resistance to frac-
ture failure than CCT-707, Differences among the commercial 
materials were ident.if iable in four of the categories, 
~ flank wear resistance, workpiece surface finish, thrust 
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'· Table 11 ..... ,
Summary of Relative 'fool Material Performances , 
Resist- Flank CrAter 
ance to Wear Wear Average Average Average 
Fracture Resist- Resist- Surf'ace Cutting Thrust 
Material Failure ance ance Finish Force Force Comments 
006 Good Poor Poor Fair Good Fair 
0-JO Fa.1r Good Poor Good Good Good Susceptible to early frac-
ture because of small.hone VR-97 Good Fair Poor Poor Good Fa.:i·r i 
CCT-707 Poor Good Poor ·Good Good Good 
. ..... . . .·. 
Crater area mean was high-
est of' all materials AOCT Poor Good Fair Fair Poor Poor 
1% Poor Good Good. Fair-Poor Poor Poor "Fair" thrust force at 
heavy condi t ion-s 
10% Poor G,Jod G:c>b.d Fair Poor Poor ,· 
20% 
----
Fair Good Fair Poor Poor 
JO% ---- Fair Fair-Good ~F'air Poor Poor "Poor" flank wear at high 
speed 
5% ....... __ Fair Poor Fair-Poor Poor Po.or· "Poor" flank wear at high 
speed, processing difficul-
ties 
,, 
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force, and resistance to fracture failure. The experimental 
grades exhibite,d .. smaller craters, but larg'er forces and 
nigher tendency -to :fra~ ture than t.·he commercial tools, 
while some experimental grades outperformed or did as 
well as commercial materia·ls in. the flank wear and. ·surface 
finish categories. 
vi) Optimization of Second-Ph'a-se ~-llo:yi,tlg: 
In general, the dj_fferences among the experimental 
tools were neither nunterous nor large, but there were some 
exceptio.ns to, this g·enera1.·1ty. It has bee,n shown thats 
-----Flank wear was smaller for the AOCT, 1%, 
and 10% tools than the 5%, 20%, and JO% 
tools. 
-----The 1%, 10%, and 20% tools had better 
crater wear resistance than the AOCT 
or 5% tools. 
-----The 10%, 20%, and JO% tools had higher 
thrust force means than the AOCT or 1% 
tools, while the 1% tools exhibited a lower 
mean va.lue than any of the experimental 
tools at the high feed rate. 
From these observations, it appears that the addition 
of a small amount of Cr203 to aluminum oxide can provide· 
a tool which has better crater wear resistance than a 
straight alumina grade without sacrificing flank wear 
resistance or increasing power requirements. However, 
the addition of more th~n about 1% Cr2o3 results in a 
reduction in flank wear resistance and increased power 
47 
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requirements despite improving crater· ·w·ear re:sistance. 
Therefore, th~ optimal level o.f seco-nd p.ba.se alloying 
.in this experimental application is 1%. 
I- . 
t,. 
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Correlation of Properties and Performance 
Tool material has been shown to have a significant 
effect on all of the dependent variab~es. The job now 
becomes to isolate the particular properties associated 
with given tool materials which eaused performance variations. 
The issu·e ·of property-performance correlation is 
clouded by the fact that it is .r1ot only material property 
variation wh·ic.r1 causes perf,)rmance va.riation. Despite 
attempts to hold tool geometry constant, it is impossible 
to assert perfeet control over the manufacture of cut_ting 
inserts, so that perfo.rrna.nce variation can be introduced 
by minute differences in edge configuration and dlffe .. r.e:nc:e.s 
in the methods used ·to f)repare inserts. 
Such a c.louded: situation arose in t··he -cu·tting tests 
d described herein, as shown ... by ·th.:e follo~ring analysis: 
As described_ in t:.he· section on experimental procedure, 
both the average ha·r.dness and the average hone sizes were 
calculated for the inserts made from. each of the tool 
materials. The hardness values represent a prpperty which 
is inherent to ~-tool material, while the hone sizes are 
the result of the insert preparation process. These average 
-values were used as independent varia.bles and correlation 
coefficients were developed for the plots of each of the 
tool material dependent variable means against each of these 
independent variables. E'or example, coefficients .of cor-
relation were determined f~or the functional re·lattonships 
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between mean ha.rdne:ss. and average flan.K wear, mean hardness 
and average crat-~.r ·ar:e:a, etc. Table 12 is a summary of the 
correlation coeff 1c·1e:nt·s. A correlation of 1. 0 means 
tha.t the two variables are directly proportional, 0. 0 means 
that the:re is no 'relationship_, and -1. 0 means that the 
variabl&s are inversely proportional. 
Hardness 
Hone Size 
Table 12 
Correlation Coefficients 
Flan.K Crater Surface Cutting Thrust 
Wear Area R'ness Force Force 
.22 
.• 21 
-.68 
-.77 
.49 
.62 • 84 
• 95 
.:9·6 . 
Table 13 shows the hardness and hone size means that 
were used for ea.ch of the tool materials. 
Table 13 
Average Hardnesses and Hone Sizes 
Tool 
:ft1aterial 
C06 
0-30 
VR-97 
CCT-707 
AOCT 
1% 
10% 
20% 
30% 
5:%· 
Hardness Hone Size (D.P.H.) (inx10-J) 
1969 
1754 
1861 
1806 
1956 
1990 
21.5b 
2151 
2059 
2142 
2.3 
o.s 
1, 9 
o. 3 .. 
2.9 
J.1 
3.3 
4.2 
J,2 
J.6 
Table 1.3 shows that the experimenta.l to:ols have both 
higher hardnesses and higher hone sizes, on t.he average, 
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than the commercial :t·oo·ls i .Table 1.'2 .shovts ·that there are . . . . . .-. . . . : . . . 
, high correlations bet.we·en hardness a.n·.d both fore es, and 
between hone size a·nd both forces. There .. are also moderate-, 
ly high inverse ¢orrelations between the.two independent 
variables and crater area. 
T.he only conclusion that can be drawn from this analy-
sis is that both hardness and hone size are important 
determinants of the forces during cutting and .also pla·y 
a fairly importarit ~ole in the resistance of crater wear. 
The experimental tools had higher force means and smaller 
cra.ters than the commercial tools because i): :t.fle experi-
mental tools were harder, 11) the experimental tool~ had 
smaller hones, or iii) both of the above. Further 
testing must be done to resolve this situation. 
Ce.rt;:1,'ict1 differences in the dependent variables were 
attri buta·ble to particular· tool material and/ or..£._cut'ting 
edge properties. Electron photomierographs of the tool 
materials showed that the C06 tools had relatively irregular 
grain sizes, which probably led to the large flank wear 
mean. This indicates that uniform grain size is more con-
ducive to good flank wear resistance. The htgher incidence 
of fracture failure during the 1·1rst minute of~ cutting for 
0-.30 and CCT-707 tools is probably due to their small hones 
which provide little protection ·aga.tn:at heavy impact 
loading. 
Sufficient property data was .not ~vailab.Le to permit 
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Mechanisms of Wear 
As W-:·:S mentioned previou_sly, a controversy exists 
concerning the wear mechanisms tna.t occur when cutting 
steel t11th ceramic tools. 'Plastic deformation, abrasion, 
grain pullout, thermal cracking, and metal transfer have 
all been mentioned as possible modes of ceramic tool wear, 
although no investigator has proposed the occurrence of 
:ail.l. ·pf these modes simultaneously. 
To study the wear mechanisms of the tools used in this 
investigation, seanning electron microscopy was used to 
take magmified photographs of worn cutting tools. Four 
sets of these photographs are presented in Figures 11-14. 
Four different tool materials are represented (C06, CCT-707, 
AOCT, 1 O.%), with each set consistin_g of four views of the 
same tool { overall view, crater wea.r re_g·,i:o.n,· tra:iling 
edge of tool, flank wear region). 
The smooth, regular wear marks ·s·:e:·en· in th:e: c.ra.t.er.s :o.:i:' 
· all the tools suggest that abrasi.v$ wear is occurring· 
there as proposed by Albrecht. There is also evidence tnat 
that the abrasive agents are grains or groups of grains 
that have been pulled out of the ceramic material and 
dragged a.cross the surface of the too.L by- the worKpiece 
chip. This process of grain pullout, or microspalling 
as King and Wheildon have termed it34, is evidenced by . 
the fact that the wear grooves on all the tool craters are 
approximately as wide as the size of one grain of the 
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·,.given material. The grooves for C06, which has an irregular 
granular makeup, are of various widths ranging from three·to 
six microns, approximately the same range as for the grain 
. ., 
sizes. The expert~ental tools have very fine, regular 
1
- grain sizes, and the wear grooves on these tools are 
also fine and regular. 
Tbe flank areas als.o have· t.h·_e ·.a _ ppearance o·f an 
-a.:bra.d~4 surface (similar to tn.e· grl:nding marks :left by 
·a:-,grindlng wheel). 
The pictures als.o: le,fld- <lrecle.nc.e. ·t .. o. the. chemical re-
·ac.t.ion hypothesis presented by Brewer in 1957, when .he 
reported the format ion o-f :a· ·~'-bu·11t-up-edge 11 on ceramic 
tools "if the ·additive constituent 01· the tool and work-
piece is the s·a;:me.. , ... 35 In Figures 14(c) and 14-(d), 
small de.posits 01· adhered workpiece materia.l can be seen 
on the trailing edge and flank areas of the tool containir1~ 
Cr203. The work material, 4340 steel-,. also c.ontains 
chromium (se Appendix A), This chemic:al 1·nteraction be-
tween work and tool wa .. s also observed qualitatively in 
the 1·orm of a "spec.kled" 1·1nish on the workpieces machined.. 
with the JO% tools •. 8uch chemical interaction could also 
have caused, the· .hlg:her forces observed for the high-chromia 
eo.ntent ·t .. ools • 
. . '. ,· . - -
. . .. 
.. 
The majo·r ·wear mechanisms observed, however, appear to 
·be grain pullout. a·nd abrasion of the tool ·by those micro-
spall.ed grains, 
Overall view 
Trailing edge 
Figure 11 
SEM of Ceramic Cutting Tool 
Ma_t er ial : C06 
Workpieces AISI-4340 
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SEM of Ceramic Cutting Tool 
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Conclusions 
The results ot·· this investigation lead to th·e following 
.¢·phclUS ions I 
·.1. S1gnif leant differences among commercial. ceramic 
tool materials were.identified using the testing 
procedure and analyses described herein. 
i. Finish turning of AISI-LJ,)40 steel (Re J6 ) .. was 
accomplished successfully using speeds or 
5uu or 'l5U ft/min and feeds of .uOJ or .006 
in/rev (or • uu9 in/rev if speed is 5uu t·t;min). · 
The use of more severe conditions resulted in 
early fracture failure of the cutting tool. 
J. Tools with ,higher strength values exhibited 
less tendency to fracture, although the 
performance of higher-strength materials was 
handicapped by insufficient hone radii on the 
cutting edge • 
4. ln the range of conditions investigated here, 
feed rate had a more important effect than 
speed on the tool performances. The insig-
nificance of the speed effect on product and 
process parameters despite a significant 
speed effect on t'lank wear indicates that 
flank wear is not critically damaging to the 
tool in this application. 
5. An experimental grade (1%) was synthesized 
which improves upon the crater wear resistance 
of a·lumina tools and which is capa-ble of 
performing as well as some of the commercial 
grades with respect to the other performance 
parameters. 
6. Uniform, 1·1ne grain size is cond_uci ve to 
good flank weFir resistance in ceramic too-ls-. 
7. The major mechanism of wear occurring in ·~-
both the flank and crater regions is the 
pullout of individual grains and the abrasion 
that results as they are dragged across the 
surface of the tool. 
:a. The major beneficial effect of chromia. 
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• ~lloying is to improve the abrasion resistance 
of ceramic tools. · 
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Recommendations for Future Work 
·rhe following recommendations might be considered_ b.y: 
future investigators of cerami~ t·ools 1 
1. The experimental and comm'ercial tools should 
be used to machine different types of work 
materials in order to expand upon the.charac-
terization done herein. 
f .. Since fracture failure is the predominant 
mode of failure with ceramic tools, a quanti-
tative measure of the ability to resist 
fracture failure should be used as one of 
the dependent variables. An example of such 
a quantitative measure is the "chipping 
factor .. defined by Moore and_ Kibbey.Jb 
J. Since the likelihood of fracture failure 
might depend on the size of the crater (both 
area and depth), the depth of the crater should 
also be measured, using a technique such as 
surface profiling or stereoscopic photo-
graphy. 
4. To gain more information concerning the wear 
mechanisms which affect ceramic tools, the 
wor]{ material ehip and. workpiece surface 
shou~d be examined with a technique such 
as scanning electron microscopy or electron 
mieroprobe analysis. 
5. Work intended to .extend the boundaries of 
ceramic tool applicability might be oriented 
toward·improving the rigidity of the machine 
tool and tool holder setup, and toward the 
optimization of tool holder and tool geometry 
design. 
6 More extensive characterization of tool • • 
material properties should be done 1n order 
to make t·urther examinations of correlations 
with tool performance characterization. 
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The chemica·l 
.:follows 1 * 
C 
% 
.J8~.4J 
Si 
'Jo 
.2u-.35 
APPE1'IDIX A 
Workpiece Material 
composition 
Mn 
% 
.60-.~0 
Ni 
% 
. 1. 65-L. 00-
of AISI-4340 
p 
o1 
/0 
• U4U max. 
Cr 
% 
.70-.90 
steel is as 
·'\. 
I_ ~: 
s 
~ 
.040 max. 
Mo 
% 
.20-.30 
·. ~.,.t: 
Sample hardness values f~or,·the six-inch diameter bars 
used in this experimentation: 
Position on radius 
of circular cross-section Re BHN 
·" 
from surface 35,5 327 2 
1!" from surt·ace 35,5 J27 2!H from surface J5,5 32~1 
center j6,5 337 
*Mete~ls Properties, ASME Handbook edited by Samuel L. 
· Hoyt, McGraw-Hill Book Co., Inc., New York, Toronto, London, 
195~, p. z31. 65 
·" 
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FLANK HEAR DATA <THOUSANDTHS OF AN INCH) 
TOOL SPEED FEED TIME IN MINUTES 
MATERIAL· (SFPM) (IPR) RFP, 1 3 5 7 ·g: .. 
COG 500.0 , 003 1 3.53 4.40 5.20 5 I 8 0 6, 9'1 1· 
2 5. 40 6.70 7.2C 7.70 7 , 8 fJ I • 
COG 500.0 .006 1 5,40 5.90 7.50 a. o ·o 8,50 
2 5,10 5.70 6.00 7,20 7.70 
C06 750,0 ,OC3 1 l+,2D 5,90 6,50 7,2J 7,gc 
I 2 4. 20 s. 40 6.00 7.CO 7, 70 I COG 750,0 , 006 1 4,20 6.40 7,00 8,00 9, 10 I 
2. 4. 90 6.40 7,30 7.50 7,80 t . 
' 
0-30 500,0 .003 1 2.8G 4,00 4.80 5,20 6,30 
2 2.30 3.20 4.70 5.40 5.80 
0-30 500,0 • 006 1 3.60 4,50 4,70 5,70 6,00 
I 
2 2. 20 4.00 4.80 s.10 5,70 f I ·~ 0-30 750.0 .003 1 3,70 5.10 6.30 7.50 8,2D ~ . f 
2 2,7-0 4.30 5.80 6. 8tJ 7,50 f ' . 0-30 750,0 • 006 1 3. 80 4.10 s.oo 6,40 7,10 [ ! 
I 
2 3.50 4.60 S 3n s.go 7,10 ! ~ . ·-- i I VR-97 500,0 • 003 1 3,20 4,30 4.90 s.so 6,50 I ! 
' I' 2 3.20 4.70 6.10 6 ,4 0 6,70 I 
I VR-97 500.0 • 006 1 2.30 4.30 s.oo 5.30 5.50 t i ! 2 3.40 l+. 7 0 5.40 6.00 6,40 t . ! VR-'37 750.0 • 003 1 4,30 5.10 6.00 6.50 7.20 I I ~ ? 3.80 s.so E>.50 7,10 7,60 I -VR-97 750.0 • 006 1 4.10 5,60 6.60 7.00 8,20 r l 
2 3.90 s.gc 6.60 7 .1 fJ 8,00 r !; 
' I CCT-707 soo.o .003 1 2.10 3.30 4.10 5 .1 fJ 6, 01J I ' I ~ 2 2.50 3.80 4.10 5. Q 0 s.10 
CCT-707 500.0 • 006 ·1 2,30 3.90 4. 30 5.60 6,3J 
2 2. 20 3.10 s.20 5.3C 5.60 t. CCT-707 750.0 • 003 1 2.1.+0 -4.00 4.90 5.60 7,00 
2 2. 60 3.90 5.00 6,10 6,50 
CCT-70.7 750.0 .006 1 2.20 s.go 6.60 7.00 6.50 , .. 1 
I , 
2 2. 90 5.60 6.60 7.10 6,80 
AOCT soo.o .003 1 2.00 3.50 4.00 4,70 5,30 
2 1.80 3.20 4.40 s.20 S,80 i AOCT soo.o .006 1 3.50 4. 0 0 · s.so 6.30 7.20 I l i 
2 2.so 3,40 4.60 5.3C 6,70 I I AOCT 750.0 .003 1 2,70 4.50 5.40 7.00 7,50 I 
2 2.10 1 4. 40 4.70 5.20 7,30 I ~ AOCT 750.0 • 006 1 2.60 · 4. 90 5.40 6.oo 7.00 
2 2.60 4.60 6.30 1.2-0 7,40 r· 
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FLANK WEAR DATA (CONTINUED> 
TOOL SPEED FEED TIME IN MINUTES 
MATERIAL·· (SFPM) (IPR) R::P. 1 3 5 - 7 g· 
,, 
1 500.0 .003 1 1.6J 3.go 4.30 4.6C s.~o \ I . 
1. 
2 2.70 3. so 4.40 5.20 6.3G • I L 1 500~0 .006 1 2.70 3.60 4.70 s.10 o. no !· i 
I 
2 2.30 3. 50 4.50 5.20 6.90 ; 
1 750.0 ,,0 0 3 1 2,70 4.30 6,00 6,30 &.gc 
2 I"'\ 8 :, '- • IJ 4.00 5.80 6. 3C 7 .10 
1 750.0 • 0 06 1 2.qo 4.10 6.60 7.60 8.40 
2 2.1n 3.90 ,c:"',5 • 2 0 6.2C 6,80 
10 5 00. 0 , 0 0 3 1 1,90 3. CJ 0 4,10 s.oc 5.7Q 
2 2. 7D 3.50 4.70 5.4G 6.10 
10 500.0 ,006 1 2.8 1J 3. 60 4.80 5.20 5.70 
I 
2 3.60 '+. 5 0 s.20 5.50 5.9Q 
10 750.0 .003 1 2. ga ·. 4. 40 5,90 6.90 7.7C ·. 
2 3.1G s.oo 6,50 7,0D 8.80 ; 
10 750.0 ,006 1 2.sa 2.60 4.CO 6,30 o.7 1) 
2 2.80 3.90 5.50 6.40 7. SfJ 
20 500.0 ,003 1 2.~o 3.40 4,60 5.40 6. 30 
? 3. 70 _,,.4. 30 5.50 6.30 6.6J ~ 
20 500.0 ,006 1 2,5D 3.go 4,50 6.10 6.50 
2 3. 20 3. 8 0 5.70 6. 4 C' 6,9C 
20 750.0 .003 1 2. 70 4.70 6.50 7o5C g. f) 0 
2 2.50 5.00 6.80 7.50 10 .10 
20 750.0 .006 1 2.go 3.60 5.90 6. 8 G 8.2G 
2 2,70 4.40 5,70 7. 3 rJ 8,70 
' 30 500.0 .003 1 1.60 4.00 4.3r 5.80 7.50 . ' I ' 
2 2.30 3.50 4.30 5.40 6. 40 
30 500.0 .006 1 2. 30 4.10 5.00 5.7Q 6. 8G 
2 2.50 3. 7J 4.80 5.40 6. 40 
30 750.0 .003 1 2.90 5.30 1.20 7.50 9, 20 
2 2.50 4. 80. 8. 3 0 1 'J • 3 0 16.30 
30 750.0 .006 1 2. 70 3. 90 .. s.7o 6.70 9. OD r• 
8.00 ; ' 2 2.50 4. 60 5.20 7.40 
5 500.0 .003 1 2. 70 5.50 6.20 6.40 7.23 
2 3 .10 4.40 4,80 6 • 1 (I 7 .10 
5 soo.o .006 1 2.30 4,30 4,80 S.70 7. 'J 0 
2 2.so 3. 70 5,00 5,80 6, 20 
5 750.0 e003 1 3. 00 4.go _ 6. 50 8.30 10.6'1 
2 3. 4J 6.00 7,80 g.cn 10,30 
,_ 5 750.0 ,006 1 2.80 .4.80 7.20 7. 50 9.10 ' ' ' i 
2 3.00 4.50 6.30 7.20 8.20 
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CRATER AREA DAT~ (SQUARE INCH~S X 2500.) 
TOOL SPEED· FEED 
~ATERIAL. (SFPM> (IPR) REP, 1 
.co.o 500.0 .003 
COf; •, :· ... 500.0 ,006 
c:o·f; 750.0 .003 
C06 750.0 • 0 u 6 
0-30 500.0 .003 
0-30 soo.o .006 
0-30 750.0 .003 
0-30 750.0 ,Ou6 
VR-97 500.0 .003 
VR-q7 500.0 .006 
VR-97 ·75 0. 0 .003 
VR-97 750.0 .006 
CCT-707 500.0 .003 
CCT-707 500.0 .006 
CCT-707 750.0 .003 
CCT-707 750.0 .006 
AOCT soo.o .003 
AOCT 500.0 • 006 
AOCT 750.0 .003 
AOCT 750.0 .006 
1 .g4 
2 ,65 
1 1,1J 
2 1,11 
1 .40 
2 .66 
1 1.10 
2 1.1J 
1 ,65 
2 .80 
1 .98 
2 ,98 
1 .• 85 
2 .so 
1 .~3 
2 .83 
1 ,65 
? 
.70 '-
1 1.29 
2 1,69 
1 .61 
2 .65 
1 1,18 
2 1 .18 
1 • 811 
2 .55 
1 1.66 
2 1.61 
1 .82 
2 .93 
1 1.16 
2 1.06 
1 .71 
2 .48 
1 . 1.04 
2 1.18 
1 • !+4 
2 .63 
1 .94 
2 .78 
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TI1"1E IN MINUTES 
3 5 7 
,92 .95 1. 0 8 
.60 .54 ,88 
1.35 1.57 1,53 
1,16 1.49 1,49 
,52 ,61 r· 8 .,) . 
.42 6" • ..J .62 
1.1g 1,63 1,77 
1,17 1,36 1.59 
.68 ,71 .75 
.84 .86 .gs 
. 1. 0 8 1.12 1.22 
1.46 1.21 1,69 
1.C3 1,15 1.18 
.77 1.01 1.28 
1 .1 fJ 1.44 1.67 
1.12 1.36 2,D1 
.75 .64 .95 
,73 .76 .76 
1,45 1,52 1,54 
1. 70 1.66 1.9lt; 
.73 ,75 .go 
.63 .73 .72 
1.56 1.51 1.73 
1.25 1.60 1.80 
• 8 0 .84 .76 
.73 1.00 1.00 
1.69 1.75 1.69 
1.74 1.61 1.69 
.g2 1.03 1.24 
1.03 1.13 1·. 23 
1.25 1.51 1.73 
1.56 1.60 1.80 
• 96 .88 .95 
.66 .1c .89 
1,08 1.37 1.41 
1.02 1.13 1.35 
.75 .80 .91 
.62 .83 1.24 
• 9~1 1.39 1.38 1.os 1.04 1.10 
.. ,~ 
··, ... 
' . 
g 
1.16 
.'31 
1.57 
1. qJ 
.77 
.73 
1,7J 
1•. 65 
.79 
.86 i1 
' 
' 
1. 35 
1. 33 
1.42 .. 
1. 07 
. 
1. 92 I I 
' ' 
I 2. 0 :; 
1.04 
.79 
1.76 
1. AC I • 
I 
• 88 ' 
; 
1.04 r t 
1. 93 ' 
1.71 
'i' 
• 82 
• gg 
2. 09 
2. GS 
1. 22 
1.19 
1.39 • 
1.72 , : 
.<39 
1.04 
1. 21 
1.18 
.82 
1.13 
1. 43 ~ i 
1. 36 i. 
' 
. ' 
·, 
' 
... -...... , ··,--.. , .... ~" . -..: .. - ,·. 
TOOL 
MATERIAL· 
1 
1 
1 
1 
10 
10 
10 
10 
20 
20 
2Q 
20 
30 
30 
30 
30 
5 
5 
5 
5 
.I 
~ 
CRATER AREA DATA <CONTINUED> 
SPEED · FEED 
( SFPM) (IPR) 
500.0 .003 
500.0 .006 
750.0 .003 
750,0 .006 
5 0 0. 0 .003 
soo.o. ,006 
750.0 .003 
750.0 .006 
5 00. 0 .003 
500.0 .006 
750.0 • 003 
750.0 .006 
500.0 .003 
500.0 .006 
750.0 .003 
750.0 .006 
500.0 .003 
500.0 .006 
750.0 .003 
750.0 .006 
:-,. 
\, 
REP. 1 
1 .55 
2 .65 
1 .gs 
2 , 66. 
1 .45 
2 • 41 
1 .88 
2 .as 
1 .48 
2 .08 
1 1.12 
2 , R 3 
1 .4J 
2 • 62 
1 .96 
2 ,gz 
1 • 49 
2 .59 
1 .94 
2 1,25 
1 .69 
2 .48 
1 1,07 
2 .73 
1 ,53 
2 .63 
1 1. J l+ 
2 • 6u 
1 .61 
.. 2 ,63 
1 1.06 
2 • 98 
1 ,85 
2 ,36 
1 1,25 
2 1,25 
-
1 .71 
2 -• 67 
1 1.22 
2 .93 
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TIME IN 
3 
·~ . 
• 72 
1, 01 
1.01 
,81 
,57 
, 4 4 
.qo 
,93 
,54 
.32 
• g 2 
,q6 
,73 
.69 
,87 
1.20 
• 5 8 
• 39 
1.20 
.86 
• 5 8 
,70 
1.20 
.R5 
, 59 
,63 
.82 
.72 
.50 
,77 
1 .-1 7 
1.13 
• g 3 
.33 
1, 48 . 
1,43 
.81 
.66 
-1.35 
1.os 
I . 
MINUTES 
5 7 
1.07 .9D 
.91 .93 
.86 1.05 
1,07 .99 
.10 ,71 
.76 ,78 
1.21 1.21 
1.05 1,18 
.sq ,66 
.57 .76 
1,05 1,25 
1.08 1,26 
,86 ,71 
,70 ,Ag 
.93 1.2a 
1,34 1,19 
.72 .82 
,45 ,62 
1,23 1.25 
1.10 1. t' 1 
.62 1.02 
.65 .72 
1.28 1.34 
1.16 1.cg 
.84 • E, g 
.70 ,54 
1.29 1,31 
1. 0 8 . 1.12 
,74 .7? 
.69 .82 
1,28 1,23 
1.16 1.1q 
.91 .98 
.75 .84 
1.39 1.57 
1,41 1,53 
.81 .90 
• 88 1. C' o 
1.49 1.66 
1.21 1.46 
_ .• ,.-1,,,.-·, .... -·i.....::i,.,, ... ,. ... 4,._... ··-
q 
.79 
• 72 
1.47 
1. 25· 
• 8 '5 
.94 
1.35 
1,31 
.76 
1.05 
1,41 
1.3~ 
.81 
• 8 G 
1,02 
1,4S 
.99 
,43 
1.89 
,84 
.83 
1.12 
1.29 
1.20 
• 7 8 
.68 
1.77 
1,05 
• 90 
1,13 
1.33 
1,51 
.97 
,RO 
1.73 
1,75 
1,13 
1,19 
1,89 
1.11 
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WORKPIECE SURFACE ROUGHNESS DATA (MICRO-INCHES) . .. 
TOOL SPEED FEED 
MATE~IAL <SFPMI <IPR> REP •. 1 
C06 soo.o 
C06 500.0 
C06 7 50 ·, 0 
COo 750.0 
0-30 500.0 
0-30 500.G 
0-30 750.0 
0-30 750.0 
VR-97 500.0 
VR-97 500.0 
VR-97 750.0 
VR-97 150 .·o 
CCT-707 500.0 
CCT-707 5 0 0. 0 
CCT-707 750. a 
CCT-707 750.0 
AOCT soo.o 
AOCT 500. 0 
AOCT 750.0 
AOCT 750 8 0 
( 
. ~. 
,. 
,003 
·, 
.006 
,003 
.006 
,003 
.006 
• 003 
.006 
.003 
,006 
,003 
.006 
.003 
,006 
.003 
,006 
,003 
.006 
.003 
e006 
1 54. 00 
2 54. 00 
1 37. 00 
2 36.00 
1 39. 0] 
2 19. 00 
1 31. no 
2 36. 00 
1 28, 00 
2 45. 01 
1 35. OJ 
2 41. QO 
1 29, 0~ 
2 2l+,OO 
1 26. QQ 
2 35.0!J 
1 56.GO 
2 34. 00 
1 48. 00 
2 39. 00 
1 45,0J 
2 31. 00 
1 31. 0 J 
2 25. 00 
1 26. 00 
2 20 • Ou 
1 28. 00 
2 24. 00 
1 28. OIJ 
2 25. a o 
1 28. OG 
2 19.00 
1 43. a o 
2 39. 00 
1 43. 00 
2 36. oa 
1 37. 00 
2· 51. 03 
1 ·· 33. o a 
2 27. 00 
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.TIME IN MINUTES 
3 5 7 
-
34.GQ 37.00 55.00 
40.0Q 33.00 24.00 
3 3. G 0 45.00 58.CO 
49.00 67.00 54.GO 
21.00 32.on 28,00 
15.00 20.00 24,0~ 
28.00 50,0J 63.0C 
59.00 65.00 61.00 
31, C v 40.01 42.00 
31,00 34,00 22.00 
45.00 42.00 40,tJO 
39.00 45,00 53.00 
23.00 37.00 69.0G 
13,00 17.00 19,00 
27.00 25.00 24,0IJ 
37,00 40,00 29,QO 
52.00 84.00 54.00 
41.00 48.00 44.00 
56.GO 51.00 77,00 
39.CO 41,00 4g.oo 
55.00 47,00 43,DC 
28,00 48.00 49.00 
22.00 51,0G 65.00 
3u.OO 52.00 56.00 
31,00 30.00 2<3,00 
19,00 20.00 25.00 
23.00 30,0D 21.ou 
29,00 29,0u 31.00 
17.0C 26.00 ~ P.. 0 C 
22.00 24,00 24,00 
30.00 51,00 65,00 
22, 0 C 52.00 56, GC 
42.00 39, 0 0 39,GC 
52.00 61.QO 43.00 
43,00 29,00 31.GD 
35.00 39.00 38.0C 
38.00 37.00 45.00 
39,00 39,00 55.00 
57.00 38.00 46.00 
. 
30.00 38.00 52.00 
9 
. 
52.00 
21. OG 
67.0'J 
76.00 
32. 00 
33. 0 G 
78.00 
63.0D 
35.!JO 
31, 00 
39,0G 
42.00 
69.0G 
18.0J 
19.00 
23.0D 
72.00 
62.00 
86. 0 u 
42. on 
47,0C 
54.00 
75. o o· 
65. 00 
27 ro • u. 
28.00 
43.00 
36, 0 0 
28.00 
2 o. 0 C 
32.00 
29. OG 
41. 0 D 
32. 0 C 
34.00 
45.DO 
43,00 
49. 0 'J 
55.00 
57.00 
' j: 
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'· r
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WORKPIECE SURFACE ROUGHNESS DATA <C@NTINUEO) 
TOOL SP~EO FEED 
MATE~IAL (SFPH> (IPR> REP. 1 
1 500.0 .003 
.... 
·1: 5 00. 0 .006 
1 750.0 .003. 
1 750.0 .006 
10 soo.o .003 
10 5 00. 0 • 0 06 
10 750.0 • GO 3 
10 750. 0. .006 
20 soo.o • 0 03 
20 5 00. 0 .006 
20 750.0 .OG3 
20 750.0 • 006 
30 500.0 .003 
30 500.0 .006 
30 750.0 .003 
30 750.0 • 006 
5 5 00 • 0 • 0 03 
5· 500.0 • 0 06 
5 750.0 • 003 
5 750.0 .006 
·1 74.00 
2 ~~4'.')0 
1 33.00 
2 32,00 
1 44.JJ 
2 35,00 
1 46.0G 
2: 44,QO 
1 58.0J 
2 29.0fJ 
1 38.00 
2 32,00 
1 22.oa 
2 31,00 
1 36.00 
2 2s.ou 
1 41,0D 
2 29. OU 
1 61.00 
' 
37.00 ._ 
1 33. 00 
2 29. 0 0 
1 83.00 
2 29.00 
1 31.0[) 
? 32.0G 
-
1 32.00 
2 39.00 
1 31. 0 0 
2 33.00 
1 32. o a 
2 23.rJG 
1 49.oa 
2 20. OJ 
1 47.00 
2 25.00 
1 68.00 
2 58.00 
1 42. 00 
2 28.00 
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TIME IN MINUTES 
3 5 7 
42.00 'I, 49.00 38 • !J a 
·. 42. 0 0 4q.oo 4G,{'0 
38.00 37. 0 0 39,00 
40.00 52,00 54.00 
22.00 41,00 41,GO 
34,00 32.00 37,0tJ 
39.(JQ 63.00 75,QO 
49. 0 0 49,00 60,00 
68.CO 66.00 57.00 
23.00 24.00 33.00 
so.oo 38.00 35.GG 
30.00 35.ou 78,00 
38,00 31.00 3R. G 0 
27.00 42.00 4C.OO 
43.00 53.00 63.00 
34.00 43.00 45,00 
34.00 7G,O'J 79,G!J 
35.00 43.00 32.00 
52.00 42.00 35.00 
31,00 21.ou 25,00 
37.00 3"3. 0 0 35.LO 
31.GO 32.00 51,00 
72.CO 62.Cu 6C.Ou 
26.00 27.00 33. Ct) 
84.00 <35.00 39.00 
31. 0 O· 34.00 28.00 
38.00 57.00 72.00 
37.00 37.00 78.00 
20.00 33.00 48.0C 
49.00 34.00 35.00 
32.00 36.00 43,00 
31.00 40.00 43.00 
42,00 36.00 36,00 
25. C 0 26.00 40.00 
4t+.OO 57.00 53,00 
85.00 115QOO 1cs.oo 
68.00 65.00 4G.OO 
40.00 33.00 51.00 
56.00 38. 0 0 44,00 
26.00 38. 0 0 42.00 
• 
q 
40.00 
52.00 
41. 0 Q 
45. 00 
50.00 
41. or 
89,0G 
55.0fJ 
61.0C 
42. OG 
48.00 
39,0G 
.. 
so.on 
48.00 
61. 00 
48. 00 
~ 1. 00 
32.00 
37. 00 
30,00 ' • 
' 
40.00 ' : , 
\ . 
.. 
36. OD 
53.00 ; ( 
33. 00 -~ 
25.00 
3 2. 01J 
54. 00 
6 0. 0 0 
51. 00 
~4 '"'n ... • u ... 
.. 
43. 00 , 
53 .• uO 
48. OG t' ' 
35.00 
5 5. 01J 
98.00 
42. 00 
46. OD 
51. 00 
44. 00 
l . 
( 
r 
VERTICAL CUTTING FORCE DATA CPOUNOSj 
TOOL SPEED FEED TIME IN MINUTES 
MATERIAL <SFPM) <·IPR> REP. 1 3 5 7 g 
C06 
C06 
C06 
C06 
0-30 
0-3'.l 
0-30 
v~-97 
VR-97 
VR-97 
VR-97 
CCT-707 
CCT-707 
CCT-707 
CCT-707 
AOCT 
ACCT 
AOCT 
AOCT 
soo.o 
soo.o 
750.0 
750.0 
500.0 
500.0 
750.0 
750.0 
500.0 
500.0 
750.0 
750.0 
500.0 
•' 5 0 0 • 0 
750.0 
750.0 
500.0 
sno.o 
750.0 
750.0 
, 0 03 
.006 
.003 
,006 
.003 
.006 
.003 
.006 
.003 
.006 
.003 
.006 
.003 
.006 
.003 
.006 
.003 
.006 
.003 
.006 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
? 
._ 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
:, 
·-
1 
2 
g O. OJ 
gu.oo 
145. D 0 
140 • J 0 
SC. 0 J 
60.0~ 
140. 0 0 
140. a o 
85,i); 
8C. 00 
140.00 
135.~0 
75,00 
7(, 0~ 
135. 0 0 
140. a o 
75 O· 11 . \..' 
95,00 
100.00 
150,CO 
155.00 
60,00 
65,P:(J 
140,00 
14 5. 0 0 
85,00 
85.00 
145. 0 0 
145.00 
80.00 
a 5. o o 
14 o. o a 
135.00 
80,00 
qc. o a go. o o 
142,00 142.00 
140.00 145.00 
80.0Q 85,00 
as.on ga.oo 
139.JO 150,00 
140.00 145.00 
80.no 
85, 00 
140.00 
130.00 
80.00 
75.00 
140.00 
130.00 
95.00 
85.00 
160. 0 0 
145,00 
<35.00 
90.00 
125.00 
150. 0 0 
80,00 
95, 0 0 
150,00 
140.00 
g (r, o o 
85.00 
145,00 
15 0. 0 0 
100,00 
8 0, 0 0 
170.00 
160.00 
g 5 8 0 0 
100e00 
1·30.00 
160.00 
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ice.cu 100.00 110.oJ' gs.oo gc.oo, gs.oo 
16 a .• o o 1 s s • o o 16 ry • o a 
160,00 160.00 170.00 
65,00 ?G,00 70,00 
70,00 7C.CG 75.0r 
140,00 155,00 155,00 
150.00 150.00 150.00 
90.00 95,0C 95.00 
go.ory qo.~o 100.00 
15C.OO 150,CO 155.00 
150,00 150.00 152.0Q 
85,00 85.00 85.0~ 
85.00 90.GO 95.0C 
150,00 15u.OO 15~.0Q 
1sn.oo 1sr.oo 155.oo 
85.00 85.00 90.00 
95,00 95.00 95.00 
142.00 155.GO 158.08 
145,00 150.Cu 15J.OO gc.oa qs.oo 100.00 
90.00 gs.oo gs.on 
150.00 155,GD 160,0C 
145,00 15u.OO 155.0Q 
85.00 90.00 90.00 
1 a o • o a 1 o c • o o 1 o s • ·o a 
150,00 165.00 170.00 
145.00 145.00 150,0Q 
90.00 95e00 10D,OO 
90,00 100.00 130.00 
150.00 155.GO 150,00 
145.00 150.00 145,0J 
100.00 100.00 110.ory 
90,00 95.00 100.00 
175.00 18C.OO 165.00 
165.00 17Ce00 170.00 
100.00 105QOO 1D5.00 
110.00 100000 105.00 
135.00 150.00 150.00 
160.00 170.00 180.00 
.! 
I } 
I 
\ . 
I 
' ;. 
I 
' 
' I 
i-
' 
I • 
! 
I 
' 
' /. 
I 
• 
' 
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I 
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r 
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I 
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VERTICAL CUTTING FORCE DATA (CONTINUEOl 
TOOL SPEED FEED Tlt1E IN MIN.UTES 
MATERIAL (SFPM) (IPR) REP. 1 3 5 7 g 
1 
1 
1 
1 
10 
10 
10 
10 
20 
20 
20 
20 
30 
30 
30 
30 
5 
5 
5 
5 
...... 
500.0 
500.0 
750.0 
750.0 
soo.o 
750.0 
500.0 
500.0 
750.0 
750.0 
500.0 
500.0 
750.0 
750,0 ;, 
5 00 • 0 
500.0 
750.0 
750.0 
.003 
.006 
, 00 3 
.006 
.003 
• 0 0 6 
.003 
.006 
.003 
,006 
.003 
.006 
.003 
,006 
• 0 0 3 
.006 
.003 
• 00 6 
.003 
,006 
·.I 
1 85.1)0 
2 gc. o o 
1 160 • 0 0 
2 150. 0 0 
1 gn • on 
2 95. no 
1 125.00 
2 145.00 
1 ga • o o 
2 1C5.00 
1 155. 0~ 
2··· .. 150. 0 0 
1 6C • u ri 
2 105.00 
1 130 .oo 
2 1 so • a a 
1 go. o o 
2 110.00 
·· 1 1 SC • 0 0 
2 160 • 0 0 
1 95.00 
2 95 • 0 8 
1 14(,.00 
2 145.00 
1 100.00 
2 90.00 
1 15 0 .,O 0 
2 1 ss. a a 
90.00 90.00 10G.OO 10~.oo 
1os.oo 1Gs.co 11u.oo 110.oa 
165,00 170.00 180.00 175.00 
151.00 160.00 165.00 155.00 
95,00 100,GO 100.00 100.08 
iOS.00 115@00 105.00 110.00 
135.00 140000 145oGO 140.00 
150000 165000 170010 165.0C 
10u000 100000 100.00 1n5.00 
105e00,110c00 110.QO 110,QQ 
1ss.oo 160.00 16s.oo 1a~.oa 
150,00 150.00 .17C.GO 160.0G· 
95.00 100.00 1os.oa 1cs.or 
110.co 12c.oo 11c.oo 110.on 
140.00 135.oo 145.oo 145.oa 
160,00 160.00 165,CO 18D.OQ 
go.oo gs.oo 100.00 110.00 
11S.GO 110.00 115.0G 115.00 
1ss.oo 1ss.oo 1s5.oo 160.oa 
175.00 170.00 175.00 170.00 
100.00 95.00 1rs.oo 18s.oo 
95,00 110.00 105.0G 110.0Q 
15 J IO O 15 0 IO O . 155 I O O 15 5 IO a 
150,00 155.00 160.00 165,0Q 
100.ao 
10J.OO 
150.00 
155.00 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
100.00 100.00 
95.00 100.00 
135.00 150.00 
145.00 145.00 
90 • 0 0 10 0 0 G 0 
95.00 100000 
150.0Q 160e00 
105e00 
100oCO 
150000 
160.00 
110.00 
110.00 
150.00 
155. 0 0 
1D5e00 
105000 
160.00 
155.00 
110.00 
10 G • 0 0 
16.0. 0 0 
160.00 
110.00 
1os.oo 
155. G 0 
155. 0 0 
105.00 
110.on 
160.00 
16G.OO 
100.00 
105.00 
110.08 
11G.OO 
165.00 
165.00 
110.ou 
110.0Q 
155,0G 
160,00 
115,0J 
11G,OO 
165.00 
155.00 
105,0C 
1G5.00 
160.0Q 
165.00 
145.00 iSScOO 
go. oa 
100.00 
150.00 
145.00 
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'3500D 
100.00 
16 Q 9 0 0 
1so.oo 
95000 
100QOO 
1650 00 
155 • 00 
165e00 
160e00 
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HORIZONTAL CUTTING FORCE DATA ( POU NOS) r t 
I TIME MINUTES TOQ-l SPEED FEED IN ' I MATERIAL <SFPH> CIPRt REP. 1 3 5 7 '·9 . ! 
I 
l 
; 
./ j 
. ,_, I 
t 
l 
I C06 500.0 .003 1 60 .0 11 65.00 65.00 65,GO ·10.00 
2 60.0J go.on qo.oo qn Of) u • .. gu.oo 
C-0·6 500.0 .006 1 95.00 10iJ,OO 105,00 1;:15,00 110.oe 
2 90.0G 9fJ. 0 0 90.00 100.co iOJ.Otl 
C06 750,0 ,003 1 60,00 65,00 70,00 70,PO 75,00 
2 65,0S 65. O 0 70.00 75.00 75.00 . 
i 
C06 750.0 .006 1 75.00 80.00 85.00 85.00 95.00 I . 
2 gc.oo go.on 95.00 95,0U g5.oa ~ ' 
0-30 soo.o • 0 03 1 45.00 55. 0 0 6C. 0 'J 65.0Q 70.00 
2 45. 00 55.00 60.uO 70.00 80.00 
0-30 5 on. o . • 0 06. ... 1 ... 5 0 -u C 55.0 0 .. 6 5 •. 0 Q .. 75. 0 0 .. Ro.no._ 
-, ........ -·, ....... , . "'~·"'<···-~./ . . ~ .. ... _. , ... - . ·, .. , . .. " '<••· ll a . +-· 2 . ' . sc ~ rru-· 55·~ J 0 7 0. U O _- 7 2. ·rJo··· · 7 s·;·u·u- · ·· r { 
i 0-30 750.0 .003 1 45.00 55,00 65.00 70,0G 75.00 ! . I • 
2 45.()J 55. 0 0 75.00 80.00 R0.00 i ' I 
l 0-30 750.0 .006 1 45.00 50.00 70.00 75.GC 80.00 ! 
I 2 55. OD 65. 0 0 80.00 8G,DO '3 0 • 0 J ! VR-97 soo.o .003 1 60. 00 65. 0 0 70.00 70.00 BO • 0 fl l 
? 65.00 7 0. G Q 70.0t) 75.00 85.00 I t .... 
r VR-97 500.0 .006 1 80.00 ac.oo 80.00 85.CO 9u.OD i I ! 
2 75.00 75.00 75.00 80.00 80,00 f I -
: VR-97 750.0 .003 1 60. 00 65.00 70.00 75,00 80.00 l . I 
2 65.0G 70. 0 0 75,00 85.0C 95.0C I i \ 
. VR-97 750.0 .006 1 92.00 8 0. 0 0 115.0G 120.00 1·30. 00 [ . I ! . 
2 70.00 100.00 75.00 85.GO 85. 0 G 
CCT-707 500.0 .003 1 45.00 5 0. 0 0 55.00 60,CO 60.0C 
2 50. 00 60. 0 0 60.00 65.00 7 O. OD 
CCT-707 500.0 • 006 1 60. on 80. 0 G 80.00 100.00 1!"5 or~ 
·r • • 
2 50.00 55. 0 0 60.00 65.0Q 7 n O ri lJ • l.; . 
CCT-707 750.0 .003 1 45.00 5 0. 0 0 55.00 65.00 75.00 I -
2 40.00 su. o o ss.oo 65.00 1s.o:: 
CCT-707 750.0 .006 1 60.00 1oc.oo 11S.OO 120.00 75.00 • 
' 2 50 • 00 8L.OO 75.00 85,CO 65.QO ! , ..... 
AOCT 500.0 .003 1 75.00 75.00 -75.00 80.00 RO.DO ~ 
/ 2 65.00 7 0. 0 0 65.00 ?C.00 80.0D . i 
AOCT soo.o .006 1 140.00 145.00 130.00 145.00 135,00 
2 8G. 00 95. 0 0 105.00 115.00 115.00 
AOCT 750.0 .003 1 75.00 85. 0 0 85.00 go.no 90.0D 
2 65.00 70. 0 0 70.00 80.0G 90.00 
AOCT 750.0 .006 1 70. 00 .7 5. 0 0 80.00 90.00 90. 00 { 
' 2 110.00 120.00 120.00 130.00 145.00 I 'j 
I 
; 
j 
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HORIZONTAL CUTTING FORCE OATA <CONTINUED) 
TOOL SPEED FtEO 
' 
Tit1E IN MINUTES 
MATERIAL (SFPM> (IPR) REP. 1 3 5 7 ·.9: .. 
~·. 
1 500.0 • 0 03 1 70.0D 75.00 75.00 8D.OO R 5. 00 
2 80.0:J gs.oo 85.00 gn. 0 G gs.oo 
1 5 00. 0 .006 1 12G.t:lrJ 120.co 125.0IJ 13C. 0 0 135.00 
2 9u.OO 90,CO qo.ao 105, OtJ gS.O'J 
1 750,0 • 0 03 1 60.fJO 75.00 75.00 '3D.ur 30.00 
2 g(;.00 100.00 105.00 90. 0 0 i"u.01 
1 750.0 • 0 06 1 75.JO as.co go.oo ga.oa -8 0. 00 
,, 80.00 85.00 90.00 95.00 95. 00 '-
10 500.0 • 0 03 1 80.0J 90.00 10C,OO 95.00 95.00 
2 90,QO 90.00 90.GO 95. 0 0 100.oc 
10 5 00. 0 • 0 06 1 110.00 100,00 125, 0 0 115.GO 140.00 
".'c' .... .; .. -·. ' . ' ' . . ,. __ . ~ .. ~" ~- ~- · · -·~·~,-,,_ -2·'.,.,~-, · 1 o s.·~~ a,o·: 1 a 5 •.. r. o -11 o • a o .. :· 115 •. .rJ o · 12·0 ;·o c:·-.:,_:· ..,. 
·. 
10 750,0 ,003 1 10. oa 95.00 95,00 ,100,00 100.0G 
2 95.00 85,00 120.00 110.ou 1:15.0(l 
10 750.0 • 006 1 85,00 100.00 90.0IJ g5. a o 100.00 
2 115.00 12n.oo 120.00 12 ~- . u.uu 130,00 
20 5 00. 0 .003 1 7C.OO 80,00 70.00 75. G C 1'30.00 
2 130.00 115.00 120. 0 G 12c.oo 120.00 
20 5 00, 0 • 0 06 1 95,GO 100.00 120.00 110. 0 0 110.oc 
2 145.00 150.00 150.00 165. 0 G 155.00 
20 750.0 .003 1 80.00 80.00 80,00 90.00 gr, 0 ~ l~ • u 
2 95.00 80 .-o 0 1··1D.00 100.uO 100.00 
20 750.0 • 0 06 1 90.00 120.00 100.00 11c.oo 11J.OO 
2 115,00 120.00 125.00 135, 0 0 15D,OC 
30 5 00. 0 • 0 03 1 8 s. 00 95.ou 85,00 8 C, 0 0 90.00 
2 75. a o ao.oo 85.00 85.00 95 .-oo 
30 5 00. 0 • 006 1 95,JO 95.00 105.00 105,00 110.00 
2 110. 0 0 110.00 125.00 125. 0 0 13J. 00 
30 750.0 • 0 03 1 95.00 qn.oo 95,00 go. C 0 1rio.oo 
? 115.00 95.00 130.00 105,00 13C. 0 0 
-30 750.0 , 0 06 1 gc.oo 110.00 100.00 105.00 105.0D 
2 105.0Q 105.00 140. 0 0 13Q. 0 0 145,GO 
5 5 00 .o • 003 1 75.00 8u.OO 9G.OO go.Ge 100.00 
2 80 .oo · go.co go.on gs.no 105.CO 
5 5 0 0. 0 .006 1 105.00 105.00 110.00 115.00 115.00 
2 85.0fi 95.00 100.00 95, 0 0 110.00 
5 7 50. 0 • 003 1 8 o n n-• ...., ,J ''80.00 85.00 90.0G gs.oo 
2 100.00 115.00 90e00 100.00 105.00 
5 750.0 .006 1 95.00 .95.00 1os •. ·oo 105.00 110.00 
2 110.00 110.00 125.00 130,00 12 5. 00 
·, 
. 
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APPENDIX C 
Analys·1s 01· Variance Technique 
When a multivariate experiment 1s perform:e:d, the object 
-of ~the analysis of the experimental results is to identify 
significant sources of variation a~ong the data. This 
can be accomplished·using the analysis of variance technique. 
In effect, the technique involves ·the ca.leulation of 
mean values for each of the possible sources of variation and 
.... ·· the d-eterm·inat·i·on ofi'""the-.,·" s,.catter" · of the-~·data· • about the·: ..... 
mean values. rrhe "scatter" is measured ·by ·calculating 
sums of squares, 1. e., the sum of the squares of the 
differences between the mean and observed values, and 
mean squares, 1. e., the quotient of the sum of squares 
for a source divided by the number of degrees of freedom for 
the source (one less than the number of levels). An 
estimate of experimental error is also generated by ca.1.~ 
culating the sum of the squares of the differences of 
observations fro.m the corresponding replicate m.ean, and 
dividing that sum of squares by the error degrees of freedom. 
Finally, an f-ratio is calculated by dividing the factor 
mean square by the error mean square (estimates of variances). 
The f-ratio represents the size of the factor variance 
relative to the error variance. If the factor variance is 
mueh larger than the error va.riance, the effect of the 
factor on the variation of the dependent variable is said 
to be significant~ 
:76 
:; . 
• 
Values of the f-ratio-for significance have been 
tabulated for various degrees of freedom. Appendix E 
is one such tabulation. 
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APPEI~DIX D 
Results of Four-Way Analysis of Variance 
Flank Wear (Inches x 
Source of Sum of 
Varialtion · Squares d,f, 
A--Tool Material 105.69 9 
B--Cutting Speed 107.74 1 
C--Feed Rate 0.07 1 
D--Cutting Time 918,88 . 4 
10-3) 
•,, 
Mean 
Square 
11.74 
107. 74 
0.07 
229.72 
F-Ratio 
30.17 
276,76 
0.19 
590, 08 
.8 
AX B 18,2.5 9 2.0J 5,21 · 
Ax C 26,Z4. .9 2.92 7,49 
c,,;·'-<•· .... ·: .,,._ . '·:·'-·.:,,,,, ·,·· ".: .. '...,'''"""'· , .. ·" A·,~· X · D· • ... ,. ,, . ._,,:_.,,".;,-.,,, • ... ·41 I 36'. ', ... 36···:, .- 11· f t:r:·9---~~-~-., -~ 2"·: 9·5 .:· -
Bx C 4,97 1 4,97 12,77· 
Bx D 25.14 4 6,29 16.14· 
C x D 2,35 4 0,59 1.51 
AX BX C 
A X B X D 
~ :x: C X . ]) 
B X C X D 
AxBxCxD 
Error 
Total 
16.57 9 
16.75 J6 
11. 50 ·36 
1, 20 4 
9, 04 3:6 
77,86 200 
1383.63 399 
1.84 
o.47 
0.32 
O.JO 
0.25 
0,39 
.3.-·4.7 
4. 73 
1, 19 
0.82 
o. 77 
0.65 
---
---
,. 
' 
·--- ., .... o:.J ...... ·,~ ,v,,1.1,µ.;.__., . 
APPENDIX D (continued) 
Results of Four-Way Analysis of Variance 
Crater Area (Inches x 2500) 
Source of. 
Variation 
A--Tool ~laterial 
B--Cutting Speed 
C--Feed Rate 
D--Cutting Time 
Ax B 
Ax C 
. .,... ~""-- . D.· 
. . -A"X ... 
Bx C 
Bx D 
C X D 
AX BX C 
AX BX D 
AX C X D 
BX C X D 
-A ·x B x C x D 
Error 
Total 
Sum of 
Squares 
7,01 
0.24 
2 '/, 32 
8. 54 
0.85 
2.#7 
··-~· ... ·~--/~ ·- j -· ' .• 
·. :t;; 0\ 5~ 
0.11 
0.33 
0.32 
1.15 
0.92 
o.68 
0.09 
0 .62· • • 
Jt.~·7:9. 
5.5 •: '8.J: 
d.f. 
9 
1 
1 
4. 
... 
Mean 
Square 
0.78 
0.02 
27. 32 
2 .14 
9 o. 95 
... 
:ft. 0. 2.8. 
- .~. ' 
. ·36- 0. 02=···· 
l 0.11 
lf_ . o~ o~. 
4 .. o. 08 
·9 ··.· . 
3·6·· 
.J,6: 
·4 
·3_..ei. 
2.cro.1 
0.13 
0.03 
0.02 
0.02 
o. 02 
:o. 02. 
:o ·.·14 
.. . 
F-Ratio· 
32. 54 
1.01 
1141.19 
89.19 
3.97 
1.1 L49 .. -.. 
o~ ot? -· . 
,,,.. ·~ 
4. 70 
J.42 
3.36 
5,35 
1,0b 
o. 79 
0.90 
0.7·2: 
---
---
J..., • ,~ 
', 
' ........ 
. ··:.;.;. 
.-
APPENDIX D {continued) 
Results of Four-Way Analysis of Variance 
Surface Roughness (Inches x 10-6) 
Mean Source of 
Variation· 
Sum of 
Squares d.f. ·Square F-Rat io 
A--Tool Material 
B--Cutting Speed 
c--Feed Rate 
D--Cutting Time 
1.3,615. 
786. 
.3,289. 
6,077. 
Ax B · 2,660. 
Ax C 3,627. 
. L .. ,..,.~.,.;.,r~--.--. .• ~ ... ,...,.~ ..... ~.';¢~';;>··-· ___ .. __ .,...,., .. ~,.-~--· ... -.•.• -.:· ... _.,... .... ·.:._._.; .• ·. . • • A ··n·~·-... -.... -...... i. ...... -~4--·~ ---4···39_,,..cn,-J,-,=-::.~ .... -, ., ... "'C" ............ ._.... . ..... s. . • :. X .... ·. ...,, ... • .... ' -.. ' ·.· . . . f . . .• . . 
Bx C 173, 
Bx D 885. 
C x D 2,399 • 
Ax Bx C 
AX BX D 
Ax C X D 
Bx C x D 
AxBxCxD 
Error 
Total 
.. 
8,272. 
J, 72 3. 
7,437, 
482. 
4,203. 
35,237. 
97,306. 
' 1 
9 1,512. 
1 786. 
1 3,289. 
4 1,519. 
9 295. 
9 403. 
·3~~:~· ~ ....... - 12 J·. · 
1 173. 
4 221. 
4 600, 
9 919. 
36· 103. 
39· 207. 
4 121. 
3·6· 
2·00 
399 
117. 
176. 
·2l¥4.-•. 
8,59 
4,47 
18. 67 
8. 62 
1. 68 
2. 29 . 
. . ... ·. ,.. ''O ·• 7 b • . 
o. 98 
1. 26 
J,40 
5.22 
0,59 
1.1 7 
o. 68 
o.66 
---
---
. .. ,,,:. .. . _.:.--
APPENDIX D (continued) 
Results of Four-Way Analysis of Variance 
;, Vertical Force (Pounds) 
Source o:f Sum of Mean 
Variation Squares d.f. · Square F-Ratio 
.A--Tool Material 12,903. 9 1,434. 22.87 
B--Cutting Speed 2,435. 1 2,435. 38.86 C--Feed Rate 328,616. 1328, 616. 5,242.96 D--Cutting Time 12,353. 4 3, 088. 4~.27 
A X B 3,164. 9 352. 5.61 
A X C 2 , 72 6. 9 JOJ. 4.83 
528. · · 36- : .. · · · -· 1-5"==·- · -.. "0-. 2-3·-~,··· ·-,,._ ...... . ·A . x:· vj) .. . , __ ,,.,. -.·.,,. .,;. . .... -......... , .. ' 
• • . ' 
B-x C 251, 1 251. 4~01 
B X D 102. 4 26. 0,41 
C X D 1,594, 4 40. o.64 
A X B X C 3,319. 9 369. .5,88 
A X B ·x D .516. 36 14 • 0.23 
A X C X D 669, 36 19. 0.30 
B X C X D 49, 4 12. 0.20 
A X B X C X D 829, 36 23. 0.37 
Error 1-2, 5 36. 200. 6J. 
---
-·- ---,,· Total 381,155, 39·9 955, 
---
·' 
~-.. 
... APPENDIX D (continued) 
Results of Four-Way Analysis of Varia~~e 
,. 
' 
Horizontal Force (Pounds) 
Source o-r Sum of Mean 
Variation, Squares d.f. Square F-Ratio 
A--Tool ?1ater1al · 84,979. · 9 9,442. 40.81 
.B--Cutt1ng Speed 1. 1 1. o.oo C--Feed Rate 35,513. 1 J5,51J. 153,50 D--Cutting Time 16,258. '°.4 4,065. 17. 57 
- Ax B 5,7GB. 9 6J4. 2,74 
AX C 6,537, 9 726. 3.14 A x··~n J, 009 • 36 84. O. J:6 .. - '" .,., .. ,. .: ~ .... ~ .. 
B X C 1,040. 1 1,040. 4,50 
B X D 316. 4 79, 0.34 C x· D 333. 4 83. 0.36 
AX BX C 3,896. 9: 433. 1.87 AX BX D 1,351. J.6 38. 0.16 
AX C x D 1,954. J6 54, 0.23 
BX C X D 2t3b. 4- 72. 0.31 -,,; 
Error 46,272. ·2:0:0: 231. 
---
Total 209,571, 399: 525. 
---
./. 
· ... ~ 
.! 
.I ;!,;_~ ·•• 
82 
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. ;:..,., 
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APPENDIX E 
Values of the F Distribution 
Degrees of Freedom 
of Numerator 
(1 -DC)* 1 4 9 .1Q_ 
0.75 1.33 1.J6 1.28 1,17 
O. 90 2. 7 3. 1 • 97 1 • 66 1 • 35 
0.95 J,89 2.42 1.93 1.4e 
0,99 6,76 J.41 2.50 1,73 
*(1 -o() = Level of confidence 
~ ~ .~ 
.. 
8~ 
•,'-· 
.\Ai ... · 
.::; .. ~:t-lQr-
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APPENDIX F· 
Duncan. Multiple Range Test 
The Duncan multiple range test is a. technique.for 
.,, 
comparing a set of two or niore means for which the 
sample sizes are equal. The test compares the range of 
ant set of p means with a calculated least significant 
range, Rp, determined by 
wheres- is computed by X . 
' 
MSE 
n 
Here, MSE is the error mean square in the analysis of -
variance and n is the number of observations upon wpich the 
mean is based. The value of rp depends on the desired level 
of significance and the number of degrees of freedom cor-
responding to MSE, and tabulations of rp are available in 
statistical texts. A summary Cf the values of rp and RP 
used in this investigation is given in Appendix G • 
.; 
,_ ...... 
....... ' 
.. 
p 
(Number 
of 
means) 
2 
3 
4 
5 
-·6:-
7· 
8 
'9 
10 
APPENDIX G 
Values for Duncan J\'Iultiple Range Tests 
R' (Values Of the Leasr S1gn1fieant 
r 
(Crit~cal 
·ror p Iv.ieans) 
values for Flank Crater Surface Cutting 
oC= .05) 
2.80 
2. 9.5 
J.04 
3.12 
. 3 .17 
3. 22 . 
3.25 
J.29 
3.31 
Wear Area R'riess 
o. 28 0.07 5.88 
o. 29 0.07 6. 2,0 
0.30 0.07 6.39 
0.30 0.08 'p. 56 
0 .. J1 0.08 6~66 
·.0 •. Jl 0.08 • 6,77 
o .• 32 0,08 6.83 
0,32 0.08 6. 91 . 
,.. 0.33 0.08 6.95 
Degrees of Freedom= 390 
Rp = rp x sy 
Sy= MSE 
n 
Force 
3.51 
3,69 
J.81 
3. 91 
3.97 
4,03 
4.07 
4.12 
4.15 
Range 
Thrust 
Foree 
6.73 
7.09 
7,JO 
7,49 
7~62 
7,73 
7.81 
7.90 
7,95 
MSE = Mean Square of Error from Analysis o.f Var·i,_artee, 
n = sample size 
·' . . .. ; . , I 
·1 
APPENDIX H 
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The author was bo_rn on November 4, 19.49, in Altoona, 
Pennsylvania and is the ,s.on .of Charles B. and Virginia L. 
Smith. After graduat·1·o·n: ·rroin Peters Township High School 
in Mcf'Iurray, Pennsylvania., he attended Lehigh University, .. 
receiving ·the degree of Bachelor of Science in Industrial 
Engineering in June, 1971. 
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